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Preface 


The  Thirteenth  American  Peptide  Symposium  was  held  in  the  Edmonton 
Convention  Centre,  Edmonton,  Alberta  on  June  20-25, 1993.  This  Symposium  was 
held  under  the  auspices  of  the  American  Peptide  Society  and  the  University  of 
Alberta.  Compared  to  previous  symposia,  this  meeting  was  the  largest  in  terms  of 
attendance  (1447),  and  truly  an  international  Symposium  with  participants  from  32 
countries  and  more  than  30%  of  participants  from  outside  North  America.  It  was  a 
pleasure  to  see  the  large  number  of  first-time  participants  at  the  Symposium.  The 
scientific  program  consisted  of  plenary  lectures,  poster  presentations,  workshops  and 
exhibits.  Of  the  762  presentations  (58  plenary  lectures  involving  14  sessions;  3 
workshops  involving  13  additional  speakers;  and  691  poster  displays)  the  Program 
Committee  selected  372  articles  for  publication  in  the  Proceedings  Volume.  These 
manuscripts  were  selected  on  the  basis  of  originality  and  scientific  significance. 

As  with  past  symposia,  the  Thirteenth  Symposium  continued  to  show  the 
exponential  growth  of  the  use  of  peptides  in  the  diverse  fields  of  medical  science. 

We  began  the  Symposium  with  an  exciting  lecture  on  "Recollections  of  the 
Past  40  Years  in  Peptide  Chemistry"  by  Dr.  Bruce  Merri field,  Nobel  laureate,  which 
focused  on  past  scientists  and  their  contributions  that  have  paved  the  way  to  what  is 
now  a  mushrooming  field  of  peptide  chemistry  in  all  aspects  of  biology.  Sessions  I 
and  II  and  189  posters  discussed  Synthetic  and  Analytical  Methods,  the  cornerstone  of 
our  field.  It  is  interesting  to  observe  the  continuing  improvements  to  solution  and 
solid-phase  peptide  chemistry  such  as  new  supports,  coupling  agents  and 
optimization  procedures,  fragment  condensation  methods  and  enzymatic  synthesis. 
The  development  of  new  instrumentation  (e.g.,  capillary  electrophoresis,  on-line 
HPLC  with  electrospray  mass  spectrometry,  micro-peptide  sequencing  and  ultra-fast 
HPLC)  is  aiding,  and  will  continue  to  aid  greatly,  the  peptide  chemist  in  purification 
and  characterization  of  peptides. 

Session  III  dealt  with  the  exciting  developments  in  designing  peptide  mimetics, 
cyclic  and  constrained  peptides  and  secondary  structure  mimetics.  Session  IV 
discussed  die  synthesis  of  glycopeptides  and  lipopeptides,  the  role  glycosylation 
plays  on  die  biological  properties  of  synthetic  peptides,  and  the  role  of  lipids  as 
delivery  systems  for  peptides. 

Sessions  V,  VI  and  VH  and  230  posters  discussed  the  area  of  Biologically 
Active  Peptides/Neuropeptidea/Feptide  Hormooes/Peptkk  Inhibitors/Peptide  Receptor 
Interactions.  This  area  continues  to  be  of  fundamental  importance,  not  only  for 
understanding  mechanism  of  action,  but  also  in  the  development  of  new  potent 
agonists  and  antagonists  in  the  pharmaceutical  sector  as  well. 

Antibiotics  are  facing  a  losing  battle  with  the  resurgence  of  antibiotic  resistant 
pathogens,  which  is  predicted  to  be  "nothing  short  of  s  medical  disaster"  in  die  1990s 
and  beyond.  Session  Vm  titled  Peptide  Vaccines  and  Immunology  again  emphasized 
the  important  contributions  that  peptides  are  making  in  the  field  of  immunology  and 
the  increasing  importance  of  prides  to  immunologists,  microbiologists  and 
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virologists  in  the  development  of  synthetic  peptide  vaccines  against  bacterial  and 
viral  pathogens. 

Session  X  emphasized  the  important  breakthroughs  that  are  occurring  in  peptide 
delivery;  strategies  to  enhance  intestinal  permeability  of  peptides;  protease-resistant 
peptide  analogs  for  oral  delivery;  and  delivery  of  peptides  into  the  central  nervous 
system  by  sequential  metabolism.  In  addition,  the  use  of  peptides  as  diagnostics,  a 
field  in  its  infancy,  was  included. 

Two  sessions,  DC  and  XI,  discussed  the  area  of  Conformational  Analysis  and  the 
use  of  Computational  Biochemistry  to  study  peptide  structure.  Session  XII,  Peptide 
Macromolecular  Interactions,  went  to  the  next  step  in  complexity  with  the  study  of 
the  interactions  of  peptides  with  biological  macromolecules,  the  important  first  steps 
in  signal  transduction  and  understanding  ligand-receptor  interactions. 

Session  Xm  focused  our  attention  on  the  rapidly  developing  field  of  using 
Peptide  Libraries  as  screening  tools  in  research  and  drug  discovery.  Novel  methods  of 
synthesis  and  strategies  of  using  these  libraries  are  being  developed.  Libraries  of 
peptides,  free  in  solution,  bound  to  the  solid  support  or  being  generated  by  phage  can 
contain  cyclic  peptides,  unnatural  amino  acids,  and  colored  and  fluorescent  markers. 
We  look  forward  to  the  exciting  new  developments  that  this  technology  will  bring  in 
the  coming  years  in  terms  of  unique  peptide  chemistry  and  application. 

Session  XIV  on  de  novo  design  represented  the  inroads  peptide  chemistry  is 
bringing  to  understanding  protein  folding  and  stability.  The  future  will  bring  small 
chemically  synthesized  protein  molecules  with  novel  enzymatic  and  binding 
properties  to  the  forefront  of  the  biotechnology  industry. 

The  Symposium  introduced  three  workshops,  which  provided  participants  with 
an  opportunity  to  familiarize  themselves  at  the  basic  level  of  an  area  outside  their 
own  expertise:  Workshop  I,  Approaches  and  Advances  in  Peptide  Synthesis, 
Purification  and  Analysis;  Workshop  D,  An  Introduction  to  NMR  Spectroscopy  of 
Peptides;  and  Workshop  III,  An  Introduction  to  Energy  Minimization,  Molecular 
Dynamics,  Molecular  Modelling  and  Conformational  Analysis  of  Peptides.  These 
workshops  ran  simultaneously  and  the  workshop  concept  was  an  overwhelming 
success  and  will  continue  at  future  meetings. 

This  year's  Alan  E.  Pierce  Award  recipient.  Dr.  Victor  J.  Hruby,  was  recognized 
for  his  outstanding  contributions  to  the  chemistry  and  biology  of  peptides,  especially 
the  design  of  peptides,  pseudopeptides  and  peptidomimetics  to  understand  the 
relationship  of  structure  and  biological  activity.  His  fascinating  lecture  illustrated  the 
wide-ranging  contributions  Victor  has  made  to  the  field  of  peptide  chemistry  and, 
combined  with  his  outstanding  scientific  and  personal  qualities,  clearly  demonstrated 
his  deserving  position  among  the  previous  eight  awardees. 

The  use  of  the  Edmonton  Convention  Centre  and  the  success  of  this  venue 
indicates  the  need  for  this  type  of  facility  to  provide  an  atmosphere  which  can  deliver 
the  high  quality  of  scientific  lectures,  poster  presentations,  workshops  and  exhibits  in 
an  effective  and  efficient  manner  to  such  a  large  group  of  participants.  The  large 
lounge  area  in  Che  center  of  the  exhibit/poster  hall  provided  an  excellent  atmosphere 
for  discussion  and  exchange  of  information. 
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This  meeting  was  organized  solely  with  the  use  of  volunteers  and  the  success  of 
the  meeting  was  directly  related  to  their  dedication  and  hard  work.  As  Chairman,  I 
am  forever  grateful  to  the  Department  of  Biochemistry  personnel  including 
technologists,  graduate  students  and  postdoctoral  fellows  from  my  laboratory.  A 
special  thanks  goes  to  Dr.  Colin  Mant,  who  as  Conference  Manager  contributed  to 
all  aspects  of  die  meeting  from  fund  raising  to  managing  the  exhibition  and  without 
his  help  I  could  not  have  brought  the  Symposium  to  Edmonton;  Colleen  Iwanicka, 
who  as  Financial  Administrator  diligendy  handled  and  maintained  all  financial 
transactions;  Janice  MacDonald,  who  as  Social  Director  made  this  aspect  of  the 
meeting  a  success  and  for  many  who  were  involved  in  the  post  conference  tour  of  the 
Canadian  Rockies  an  unforgettable  experience;  and  lastly  Janet  Wright  who  as  head  of 
Office  Administration  and  Dawn  Lockwood  together  organized  the  daily 
correspondence,  created  the  Symposium  database  required  to  correspond  with  all 
conference  attendees,  kept  track  of  adjudicated  abstracts,  typed  all  printed  material  and 
lastly,  literally  corrected,  typed  and  reformatted  the  Proceedings  Volume  as  camera 
ready,  altogether  an  enormous  task. 

To  members  of  the  Program  Committee  who  assisted  in  organizing  the 
scientific  program,  who  volunteered  to  organize  the  workshops  and  who  evaluated  all 
abstracts  and  selected  papers  for  publication  in  the  Proceedings  Volume,  your  hard 
work  and  commitment  is  greatly  appreciated.  To  the  Chairmen  who  stimulated 
discussion  and  kept  the  meeting  on  schedule,  we  are  indebted. 

We  are  especially  grateful  to  the  generous  support  by  the  Benefactors, 
Sponsors,  Donors  and  Contributors  (see  the  following  pages).  Such  support  is 
critical  to  the  quality  and  success  of  the  American  Peptide  Symposium.  We  wish  to 
express  our  special  thanks  to  Dr.  Alan  E.  Pierce  and  Pierce  Chemical  Company  for 
providing  funds  for  the  Alan  E.  Pierce  Award  and  partial  support  for  the  Awards 
Banquet  and  symposium  photographer,  and  to  the  sponsors  of  the  American  Peptide 
Society  Travel  Awards  (Applied  Biosystems  Inc.,  Millipore  and  Star  Biochemicals) 
which  enabled  young  scientists  from  around  the  world  to  attend  the  Symposium. 

We  congratulate  the  Student  Affairs  Committee  of  the  American  Peptide 
Society  who  again  organized  the  Job  Fair  and  die  Student  Poster  Competition  which 
facilitate  career  development  of  young  scientists  and  reward  their  individual  collective 
achievements. 

As  Chairman,  I  would  like  to  acknowledge  the  Department  of  Biochemistry, 
Faculty  of  Medicine,  and  the  University  of  Alberta  for  their  support  of  my  efforts  to 
hold  the  Thirteenth  American  Peptide  Symposium  and  The  Alberta  Heritage 
Foundation  for  Medical  Research  for  providing  travel  funds  to  speakers  at  the 
Symposium. 

Lastly,  the  Chairman  would  like  to  acknowledge  his  wife,  Phyllis,  who 
understands  the  challenges  and  workload  involved  in  this  endeavour. 


Robert  S.  Hodges 
Jobs  A.  Smith 
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Abbreviations  used  in  the  proceedings  volume  an  defined  below. 


a-AE 

q-amidating  enzyme 

ADE 

atrial  peptide 

A2bu 

2,4-diaminobutyric 

d^ratting  enzyme 

add 

ADR 

adriamydn 

Ajpr 

23-diaminopK>p)ooic 

AEC 

3-amino-9- 

acid;  see  Dpr 

ethylcariMool 

AA,  aa 

amino  acids 

Agm 

4-guanidino-btnyl- 

AAA 

amino  acid  analysis 

amine  (descarbaxy 

Aab 

3-aminomethy  1  -4- 

arginine) 

aminobutanoic  acid 

AFP 

antifieeze  protein 

oAT 

a- anti  trypsin 

AGSP 

atrial  granule  serine 

Ab 

antibody 

proteinase 

Aba 

2-aminobutyric  acid 

Aha 

7-amiooheptsnoic  acid 

ABTS 

2^'-azido-bts(3-ethyl- 

AHPBA 

3-amino-2-hydroxy-4- 

benzthiazotine 

pbenylbutanok 

sulfonic  acid) 

ariri- 

ABZ 

aminobenzok  add 

phenyl -norstatine 

AC 

adenylate  cyclase 

AHPPA 

4-amino- 3-hydroxy-5- 

ACjO 

acetic  anhydride 

phenyipentanoic 

ACE 

angiotensin- 

add 

con  voting  enzyme 

Ahx 

ami  nohexyl 

ACh 

acetylcholine 

Aib 

a-aminoisobutyric 

ACHPA 

4-amino-3-hydroxy-5- 

add 

cyclohexylpentanoic 

Aic 

2-aminomdan-2- 

add 

carboxylic  acid 

AChR 

acetylcholine  receptor 

AIDS 

acquired  immune 

Acm 

acetamidomethyl 

deficiency 

ACN;  Acn 

acetonitrile 

syndrome 

AcOH 

acetic  add 

Alloc,  Aloe 

allyloxycarbonyl 

ACP 

acyl  carrier  protein 

Allyl 

allyl  ester 

ACSA 

adenylate  cyclase- 

AMD 

actinomycin  D 

stimulating 

Amf 

aminophenylalanine; 

activity 

see  Aph 

Acac 

ammocyckjpentane- 

AMP 

aminomethyl- 

carisoxyttc  acid 

piperidine 

ACT 

Advanced  ChemTech, 

AMPA 

aminomethylphenyl- 

Inc. 

acericadd 

AcT 

A^acetykrandanae 

ANF 

atrial  natriuretic  factor 

ACTH 

corticotropin 

Ang  II,  AD 

angiotensin  II 

AO 

Alzheimer's  disease 

Ang,  ANG 

angiotensin; 

Ads 

adfcmantyl 

angkXensinogen 
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ANP 

atrial  natriuretic 

BN,  Bn 

Anq 

Pq>hde 

BnPeOH 

anthraquinoae 

AO 

antiovulatory 

Boc 

Aoc 

l-aznbicyc!o(3.3.0]-2- 
carboxylic  acid 

Boc-ON 

AOGO 

5-amino-4-oxo-8- 

AP 

guanidinooctaitoic 

Kid 

ammopeptidase 

BCX 

APC 

antigen  presenting  ceil 

Bom 

APG 

azidophenyl  glyoxal 

BOP 

Aph 

aamnophenylalanine 

APM 

aminopeptidase  M 

Apo 

apohpoprotein 

APP 

avian  pancreatic 

apy 

polypeptide 

BOP-C1, 

aagfcrfish  peptide  TO 

BopCl 

AR 

aureoCTgjc  receptor 

ARC 

AIDS  related  complex 

BPA 

Asa 

azidosalicy  lie  acid 

ASF 

African  swine  fever 

Bpa 

Asu 

aminosuberic  acid 

Bp° 

AT 

anti  thrombin 

Ale 

2-aminotetralin-2- 
carboxy  be  acid 

Bpoc 

Aim 

antithrombin  III 

BPTI 

ATR 

attenuated  total 

ATZ 

internal  reflection 

bR 

anilinotiiiazolinone 

BrjDmb 

AVP 

arginme-g- vasopressin 

AZT 

3'-azido-3'-deoxy- 

thymidine; 

zidovudine 

BroP 

BSA 

b 

bovine 

Bt 

Bab 

3,5-bis(2-anunoethyI) 
benzoic  acid 

BID 

Bat 

|kWne 

BTU 

BAP,  pAP 

beta  amyloid  protein 

BOB 

blood  brain  barrier 

BOO 

globulin 

BHAR 

beszhydrylamiae  resin 

Bum 

BHI 

biosynthetic  human 

BU'.'BU 

Biot 

insulin 

Butaz 

biotin 

BK 

bndykfarfn 

mbfp 

XHVXC 

P-tnocaptoethanol 

BW 

xvi 


bombesin 

2^-[bis(4-nitro- 
phenyI)]-ethanol 
tert-butytoxycarbonyl 
2-tert-butykxxy- 
cobooylammo-2- 
pheaylacetonitrile 
2-(beftzotriazol-l-yl)- 
oxy-1,3-  dimethyl- 
imidazoliiiiuin 
bcnzyloxymcthyt 
benzotriazolyloxy  tris- 
(dunethylamino) 
phospbonium 
hex 

phosphate 
bisC2-oxo-3-oxazo- 
lidinyl)  phosphinic 
chloride 

benzylphenoxyacet- 
amidomethyl 
benzoylphenylalanine 
D-a-benzoyl- 
penicilloyl 
biphenylpropyloxy- 
carbonyl 
bovine  trypsin 
inhibitor 

bacterial  thodopsin 
3,5-bis(btomo- 
methyl)benzoate 
bromo  tris(dimethyl- 
amino)pho8phonium 
hexafluorophosphate 
bovine  serum  albumin 
biotmoyl 
bicycBc  0-turo 
dipeptide 
0-benzotriazolyl- 
N,N,N’,N'- tetra- 
methyluronium 
hexafluorophos¬ 
phate 

tot-butyloxymethyl 

tot-butyl 

l,2-<fiphenyl- 

pyrazolidine-3,4- 

tftone 

body  weight 


Abbreviations 


Bad 

benzyl 

C1Z 

2-chkxobenzykjxy- 

carbonyl 

cyck>leucine(l- 

c-3-PP 

cis-3-propyl-L-proIyl 

Ck 

CA 

chemical  acetylation 

araino-l-carboxyl- 

cAMP 

cyclic  adenosyl  mono¬ 

cyclopentane) 

phosphate 

CM 

chloromethyl; 

CAP 

core  amyloid  peptide 

cazboxymethyl 

CAT 

chloramphenicol  acyl 

CNS 

central  nervous 

transferase 

system 

Cbz,  Z 

oarfaobenzoxy, 

COSY 

conelated  NMR 

CCD 

beazyloxycarbonyl 

spectroscopy 

countercurrent 

Cpa 

4-ddorophenylalanine 

distribution 

CPD,  CP 

carboxypeptidase 

CCK 

cbokcystoldnin 

CPF 

caeruhn  precursor 

CD 

circular  dichroism 

fragment 

CD 

complement  domain 

CPMAS 

cross-polarization/ 

cDNA 

complementary  DNA 

magic  angle 

CE 

carbetocin; 

ginning 

capillary  zone  electro¬ 

CR 

chain  recombination 

CEC 

phoresis;  see  CZE 

CRF 

corticotropin  releasing 

cation  exchange 

frctor 

chromatography 

CRP 

C-reactive  protein 

CFA 

complete  Freunds 

CsA 

cyclosporin  A 

adjuvant 

CT 

carboxy  terminus; 

CGRP 

calcitonin  gene-related 

calcitonin; 

CgTx 

peptide 

chymotrypsin; 

conotoxin 

cholera  toxin 

CHA 

cydohexylamine 

CTAB 

cetyl  trimediyl 

Cha 

cyclohexylalanine 

ammonium 

CHAPS 

3-[(3-dw4amido- 

bromide 

propyl>diinetbyl- 

CTL 

cytotoxic  T-lympho- 

ammonio]-l -pro¬ 

cyses 

pane-sulfonate 

CTMS 

chlorotrimethylsilane 

cHex,  cHx 

cyclohexyl 

Ctp 

chkxoacetyl-trypto- 

CHF 

congestive  heart 

pfaan 

failure 

CVAP 

cerebrovascular 

CHO 

Chinese  hamster 

amyloid  peptide 

ovary; 

CVS 

cardiovascular  system 

aldehyde 

Cyp 

cydophilin 

ChTX 

chaybdotoxin 

CZE 

capillary  zone 

CID 

chemically  ionized 

electrophoresis 

desorption; 

coHMon  induced 

DA 

D/Ala  substitution 

dlrani  in  inn 

frKtor 

CINC 

cytokine-indDced 

Dab 

diammobutyric  acid 

neutrophil 

DABCYL 

4-dimethyl  -amino- 

chemoattractant 

azobcnzene-4'- 

CLA 

cydoHnopeptide  A 

sulfonyl  chloride 

xvii 


D 


HBiiBfflMBliMBgaBaa 


Abbreviations 


DABITC 

4-dfanethylamino- 

EHEA 

diisopropylethylamine 

pheayl-4'-isotirio- 

DIP 

4,7-diphienyl 

cyanate 

phenanthroline 

DADLE 

[D-AtfJD-Leu5] 

DIPCDI 

diisopropylcaitoo- 

enkephalin 

diimide; 

DAGO 

[D-Ala2^- 

see  DIC 

MePhe4,Gly5-ol] 

DKP 

(A*p®‘°XysB28,- 

enkephalin 

Pro^-insulin; 

Dah 

1,6-diaminohexane 

diketopiperazine 

I*P 

diaminopimelk:  acid 

DLPS 

dilauroylphosphatidyl- 

Dat 

deaamino  tyrosine 

serine 

DBU 

1,8-diazabicyclo 

DMA 

dhnethylaoetamide 

[5.4.0]-uadec-7-eae 

DMAP 

dimethylamino- 

Dbzg 

dibenzylglycine 

pyridine 

DCCI,  DCC 

dicyclohexyl- 

DMBA 

9, 10-dimethyl- 1,2- 

DCHA 

dicyclohexylamine 

DMBHA 

2',4'-dimethoxybenz- 

DO 

3,4-dtddonv 

hydeyl  amine 

Hocoumarin 

DMF 

dimethylfonnainide 

DCM 

dicbkxomethane 

Dmp,  DMP 

dimetfaylphoephinyl 

Dcp 

diddoropbenyl 

DMPC 

dnnyristoylphospha- 

DCU 

dicyclohexylurca 

tidylchoiine 

DDDA 

2,9-dumino-4,7- 

DMPG 

dimyristoylphospha- 

dknadecanedioic 

tidylglycerol 

acid 

DMPSE 

dhnethylphenylsilyl 

Ddc 

N-{  1  -{4,4-dimethy  1- 

a  all  ,n, 

emane 

2,6-dioxocyclo- 

DMPTU 

1  -dhnethy  1-3-phenyl- 

hexylidene)ediyl) 

2-thioures 

DDQ 

dichlorodicyano- 

DMS 

dimethyl  sulfide 

quinone 

DMSO 

dimethyl  sulfoxide 

DEAE 

diethylami  noethanol 

Dmt-OH 

2^2-dimethyl-L- 

DEAM 

diethylacetamido- 

thiazolidine-4- 

ctaboxylic  acid 

Deg 

diediylglycine 

Dncp 

2,4-dmitrc>-6-carbQxy- 

DEPC 

diethylphosphoro- 

phenyl 

cyanidale 

DNP 

dfaritrophenyl 

D*g 

diphenylglycine 

Dns 

dansyl 

DG/SA 

distance  geometry/ 

DOAC1 

dimethyl-dioctadecyl 

simulated 

ammonium 

annealing 

chloride 

Dha 

debydrentanmr 

DOC 

deaxychoiate 

Dhc 

S-(23-diliydroxy- 

DOPC 

dioieoyl-m-glycero- 

propyl)cysteine 

phoaphocholine 

DHO 

dfeythoorotic  acid 

Dpa 

P^diphenylalanine 

DW* 

dihydroxypropyl 

Dpa 

diphenylalanine 

DfflAL 

diiaobutyl  aluminium 

DPBT 

diphenylphosphoryl- 

hydride 

benzoxazolthione 

ESC 

MAT-diiaopfopyl- 

DPCDI 

diiaoptopyl- 

cathodhmide 

carbodiimide; 
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MfDiC 

EDAC.EDC 

1  -<3-diinethy  l-amino- 

DPDPE 

cydofDPen2- 

propyl)-3-ethyl- 

DPes^Jenkephahn 

carbodiimide 

Dpg 

dipropylgiycine 

hydrochloride 

DPI 

despentapeptide 

EDRF 

endothelium-derived 

insulin 

relaxing  factor 

DPP 

dipeptidyl  peptidase 

EDTA 

ethylenedimine- 

DPPA 

St-« - 1-1 - 

oipneoyipoos- 

tetraaoetic  acid 

pborylazide 

EGF;  EGFR 

epidermial  growth 

DPPC 

dipalButoyl 

factor, 

phosphatidyl¬ 

epidermial  growth 

choline 

foctor  receptor 

DPPG 

dipnhnitoyl 

m 

epidermal  cell 

phosphatidyl- 

inhibitor 

glycerol 

EIAV 

equine  infectious 

DPPIV 

d^eptidylpqptidase-rv 

anemia  virus 

Dpr 

2,3-diaminopropioitic 

ELAB 

enantiomer  labeling 

acid 

EUSA 

enzyme-linked 

DPTU 

/V,Af'-diphenylthioures 

immunosorbent 

DQF 

double  quantum 

may 

focused 

Enk 

enkephalin 

DSB 

4-<2,5-dimethyl-4- 

EP 

endorphin 

methylsulfinyl- 

EPNP 

l,2-«poxy-3-(p-nitro- 

phenyl)-4-hydroxy- 

pbenoxy)propane 

butanoic  acid 

ESI-MS 

electrospray 

DSP 

dimethylsulfonium 

ionisation  mass 

methyl  sulfate 

spectrometry 

DTC 

dimeric  tripeptide 

ESR 

electron  spin 

chemoattractants 

resonance 

Die 

5,5-dimethyl- 

ET 

endothelin 

thiazolidine-4- 

EtjN 

triethylamine; 

carboxylic  acid 

jeeTEA 

DTH 

delayed  type  hyper¬ 

EtA 

O-ethylalanine 

sensitivity 

Etm 

ethyloxymethyl 

DTNB 

dithiobis(2-nitro- 

benzoic  acid) 

FAA 

fatty  amino  acid 

DTPA 

diethylenetriamine 

FAB-MS 

fast  atom 

prntssntir  acid 

bombardment  mass 

Dts 

spectrometry 

DTT 

dithiothreitol 

Fam 

fomesyl 

Dyn 

dynorphin 

FeLV 

ferine  leukemia  virus 

Fg 

fibrinogen 

e 

eel; 

FGF 

fibroblast  growth 

equine 

foctor 

EA 

ergocamine 

flame  ionization 

EAE 

cxpcroociittd 

FTTC 

detector 

fluorescien 

encephalomyelitis 

Fig 

isothiocyanate 

fluorenylglycine 

Abbreviations 


Fm,  fin 

fluorenylmethyl 

GnRH 

FMDV 

foot-and-mouth 

disease  virus 

GW 

FMOC,  Fmoc 

9-fluorenylmethoxy- 

carbonyl 

GRF,  GHRH 

Fpa 

4-fhiorophenylalanine 

GRP 

FPLC 

fast  protein  liquid 

chromatography 

GS 

FRET 

fluorescence  resonance 

GSH 

energy  transfer 

GSSG 

FSH 

follicle  stimulating 
hormone; 

GTP 

foili  tropin 

GvH 

FTIR 

Fourier  transform 
....  | 

BaZVoQ 

GVIA 

GA 

gramicidin  A 

n 

Hat 

GABA 

gamma  aminobutyric 
add 

GAL 

galanin 

hBP 

GAP 

growth  associated 

protein; 

gonadotropin-rrieasing 
hormone  associated 
proton 

HB1U 

GC 

gas  chromatography 

gCSF 

granulocyte-colony 

HBV 

stimulating  factor 

HC 

GDA 

giutaraldehyde 

hCG 

GEMSA 

guanidino  ethyl- 

mercaptosuccinic 

add 

hCGRP 

GH 

growth  hormone 

hCys,  Hcys 

GHRH,  GRF 

growth  hormone 

HEL 

releasing  hormone 

HEL 

GHRP 

growth  hormone 

releasing  peptide 

Hopes 

care 

23.4,6-tetra-0-Ac-£- 

D-glucopyranosyl 

iaothiocyanate 

CHa 

D-galactopyranosyl; 

HF 

gamma  ctfboxy- 

Hfa 

glntamic  acid 

HFBA 

GLP 

gtncagonlike  peptide 

GM 

gramicidin  M; 

[PheMMajS] 

hGH 

gramicidin  A 

HHM 

Gn,  Gu 

gnarridme 

gonadotropin-releasing 
hormone 
guinea  pig  ileum 
growth  hormone¬ 
releasing  factor 
gastrin  releasing 
peptide 
grcoucidin  S 
reduced  glutathione 
oxidized  glutathione 
guanosine 
triphosphate 
graft  versus  host 
conotoxin  G  VIA 

human 
6-hydroxy-2- 
aminotetralin-2- 
carhoxylic  acid 
human  serum  binding 
protein 

G-benzotriazolyl- 
N,N,N',N'- 
tetramethyl- 
uxonium  hexa- 
fluorophosphate 
hepatitis  B  virus 
heparin  cofactor  II 
human  chorionic 
gonadotropin 
human  calcitonin 

gene- related  peptide 
homocysteine 
hen  egg  lysozyme 
human 

erythroleukemia 
N-[2-hydroxy- 
ethyllpiperazine- 
jV2-ethanesul  fonic 
add) 

hydrogen  fluoride 
homophenylalanine 
heptafluorobutyric 
add 

human  growth 
hormone 
humoral 

hypercalcemia  of 
malignancy 
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Abbreviations 


HI 

bemoregulatory  cdl 

HR 

histamine  release 

inhibitor 

HR,  hr 

human  recombinant 

me 

hydrophobic 

HSA 

human  serum  albumin 

interaction 

Hse 

homoserine 

chromatography 

HSPS 

high  speed  peptide 

hhjc 

hydrophilic  interaction 

synthesis 

chromatography 

HSV 

herpes  simplex  virus 

HIV 

human  immuno¬ 

Htc 

7-hydroxytetrahydro- 

deficiency  virus 

isoquinoline-3- 

HTV-PR 

human  immuno¬ 

carboxylic  acid 

deficiency  virus 

HTE 

hamster  trachea 

protease 

epithelial  cell 

HLE 

human  leukocyte 

HTLV 

human  T-cell 

leukemia  virus 

HMP 

hydroxymethyl- 

HUB 

hamster  urinary 

pbenoxy  acetic  acid; 

Diaooer 

hydroxymercapto- 

HUVEC 

human  umbilical  vein 

propionic  acid 

endothelial  cell 

HMP 

hydroxymethyl- 

Hyp 

hydraxyproUne 

phenoxymethyl 

Hz 

hertz 

HMP  A, 

hexamethylphosphoric 

HMPT 

triamide 

ICE 

interleukin- 1  beta 

HNE 

human  neutrophil 

converting  enzyme 

elastase 

i.e.v. 

intra-cercbro- 

hNP 

human  neutrophil 

ventricular 

peptide 

i.m. 

intramuscular 

HOBt 

N-faydroxybenzo- 

i.v. 

intravenous 

HODhbt 

triazole 

IC 

inhibitory 

hytkoxyoxodihydro- 

concentration 

benzotriazine 

ICAM 

intracellular  adhesion 

HONp 

nitrophenol 

molecule 

HOOBt 

hydroxyoxodihydro- 

ICE 

interleukin  convertase 

benzotriazine 

EEC 

ion-exchange 

HOSu 

jV-hydroxysuccinimide 

chromatography 

Hone 

7-hydroxy- 1^3,4- 

IFF 

isoelectric  focusing 

tetrahydroquinoiek;- 

IFNa 

interferon  a 

3-carboxybc  add 

Ig 

immunoglobulin 

HPA 

hypothalamic - 

IGF 

insulin-like  growth 

pitituary-adrcnal 

factor 

axis 

IL 

interleukin 

HP1 

human  proinsulin 

DLys 

lysinefW-isopropyl) 

HPLC 

bi^b  performance 

im 

imidazole 

liquid 

in 

indole 

chromatography 

INEPT 

insensitive  nuclei 

Hpp 

3-{4-bydroxyphenyl> 

enhancement  by 

propioayl 

pulse  transfer 

HPSEC 

high  performance  size 

Ing 

indenylglycine 

exclusion 

IP 

inositol  phosphate 

chromatography 
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Abbreviations 

m 

infrared;  insulin 

MBP 

myelin  basic  protein 

IRMA 

receptor 

MBS 

m-maleimidobenzoyl- 

imraunoradiometric 

aaeay 

Af-hydroxy- 
succinimide  ester 

RJ 

international  units 

MCH 

melanin  concentrating 
hormone 

KLH 

keyhole  limpet 
hemocyanin 

MCPBA 

fft-chloroperbenzoic 

add 

KP 

[LysB2s,ProB29]- 

insulin 

MCPS 

MD 

multiple  constrained 
peptide  synthesis 
molecular  dynamics 

LDH 

lactate  dehydrogenase 

Me 

methyl 

LDTOF 

laser  desorption  time- 

Mea 

2-mercaptoethylamine 

LEC 

of-flight 

MeA 

ot-methylalanine 

hgaud-exchange 

MeCN 

acetonitrile 

LFA 

chromatography 

MeNTI 

Afanethyl  noroxy- 

lymphocyte  associate 

morphindole 

LH 

antigen 

MeOH 

methanol 

luteinizing  hormone; 
lutropin 

MHC 

major  histocompati¬ 
bility  complex 

LHRH 

see  GnRH 

MIC 

minimal  inhibitory 

LPC 

latHoylphospboryl- 

concentration 

LPH 

choUne 

MIR 

main  immunogenic 

lipotropin 

region 

LPS 

lipopoly  saccharide 

Mis 

minor  lymphocyte 

LSIMS 

liquid  secondary  ion 

stimulating  gene 

LVP 

mass  spectrometry 

MMC 

migrating  motor 

lysine- 8- vasopressin 

complex 

murine; 

Mom 

methyloxymetfayl 

m 

MoMuLV 

Moloney  murine 
leukemia  virus 

MAb 

monoclonal  antibody 

Mot 

motilin 

Man 

2-mereaptoanaUne 

Mpg 

3-methoxypropyl- 

MAP,  MAp 

membrane-anchored 

glycine 

protein; 

multiple  antigen 

MPM 

p-methoxyphenyl- 
methyl  ester 

peptide; 

Mpr 

3-mercaptopropionyl 

MAPs 

mean  arterial  pressure 

Mpr 

mercaptopropiwuc 

macromoiecule- 

add 

MARCKS 

associated  proteins 

MS 

mass  spectrometry 

myristolated  alanine- 
rich  C  kinase 
substrate 

MSH 

melanocyte 

stimulating 

hormone; 

MAS 

magic  angle  spinning 

melanotropin 

MX 

2-meroaptohenzoic 

Msob 

methylsulfinylbenzyl 

Kid 

Msz 

methylfulfinylbenzyl- 

Mbit 

MBHA 

methoxybenzbydbyl 

methylbenzhydryl- 

anune 

oxycarbonyl 

Abbreviations 


Mr 

4-metfaoxy-2,3,6- 
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Introduction 

I  am  greatly  honored  to  have  been  chosen  the  recipient  of  the  Ninth  Alan  E. 
Pierce  Award.  I  am  especially  grateful  to  those  who  nominated  me  and  the  Awards 
Committee  who  selected  me.  Most  of  all  I  am  grateful  to  the  over  90  graduate 
students  and  postdoctoral  associates,  numerous  undergraduates,  and  SO  professors 
throughout  the  world,  past  and  present,  who  have  collaborated  with  me.  Their 
creativity,  dedication  and  friendship  have  been  an  inspiration  and  source  of  great  joy. 

I  owe  an  enormous  debt  of  gratitude  to  my  mentors.  A.  William  Johnson,  my 
M.S.  Professor,  introduced  me  to  scientific  research  and  the  pleasure  of  working  in  a 
new  area  of  chemistry  he  discovered,  the  conversion  of  sulfur  ylids  to  epoxides.  A. 
T.  Blomquist,  my  Ph.D.  Professor,  allowed  me  to  develop  my  own  creative  scientific 
ideas,  and  instilled  in  me  the  importance  of  all  areas  of  chemistry.  Vincent  du 
Vigneaud,  my  postdoctoral  mentor,  convinced  me  to  work  in  peptide  chemistry  when 
I  had  other  plans.  He  greatly  encouraged  me  to  pursue  my  interests  in  structural  and 
physical  chemistry  in  the  peptide  field.  I  also  want  to  thank  Carl  S.  Marvel,  my 
scientific  grandfather  twice,  who  strongly  supported  my  collaborations  with 
biologists,  at  a  time  when  it  was  considered  decidedly  gauche  for  an  academic  chemist 
to  do  so. 

My  introduction  to  the  field  of  peptide  chemistry  in  du  Vigneaud’s  laboratory 
was  the  determination  of  the  acetone-oxytocin  structure,  a  long  standing  problem  of 
20  years.  The  solution  to  this  problem,  which  greatly  pleased  du  Vigneaud,  was 
accomplished  [1]  by  the  relatively  new  method  in  peptide  chemistry  of  high 
resolution  nuclear  magnetic  resonance  spectroscopy.  When  du  Vigneaud  moved  from 
the  Cornell  Medical  School  in  New  York  to  the  Cornell  Chemistry  Department  in 
Ithaca,  the  lab  was  dismantled  for  a  few  months.  During  this  time  and  as  a  result  of 
my  math  background  and  interest  in  the  chemical  basis  for  bioactivity,  du  Vigneaud 
allowed  me  to  present  a  minicourse  on  the  kinetic  and  thermodynamic  aspects  of 
bioassays  that  greatly  influenced  my  scientific  development 

In  the  space  allotted,  it  is  not  possible  to  review  our  published  work.  Rather  I 
will  offer  a  perspective  on  the  status  of  Peptide  Chemistry  related  to  some  of  its 
critical  scientific  issues.  I  will  use  selected  examples  from  our  laboratory,  to 
illustrate  how  we  came  to  our  current  state,  and  hopefully  to  point  to  a  few  future 
directions. 
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Synthetic  Chemistry  b  Peptide  Research 

It  goes  without  saying  that  chemical  synthesis  is  of  central  importance  in 
peptide  research.  The  remarkable  developments  in  peptide  chemistry  dining  the  past 
50  years,  especially  the  development  of  solid-phase  synthesis  pioneered  by  Merrifield 
[2]  and  its  optimization,  makes  peptide  chemistry  the  most  quantitative  synthetic 
methodology  available  to  organic  chemistry.  For  me  this  method  was  a  godsend,  and 
as  I  began  my  career  at  Arizona,  we  were  among  the  first  outside  of  Merri  field’s 
laboratory  to  adopt  this  methodology  for  incorporation  of  specifically  dueterated  and 
carbon- 13  labeled  amino  acids  (many  of  which  we  synthesized  ourselves  [e.g.,  3]) 
into  oxytocin  (OT)  and  vasopressin  derivatives,  using  optimized  solid  phase  methods 
[e.g.,  4].  These  labeled  hormone  derivatives  woe  critical  to  our  correctly  assigning 
all  of  die  proton  and  carbon-13  [5-7]  spectra  of  these  hormones  long  before  the  advent 
of  2-D  NMR,  and  allowed  us  to  examine  the  conformational  and  dynamic  properties 
of  oxytocin  and  several  analogues  in  solution  and  on  binding  to  its  carrier  protein  in 
neurosecretory  granules,  neurophysin  [7,  8-10].  These  studies  demonstrated  that 
different  parts  of  die  oxytocin  molecule  had  different  dynamic  properties  when  bound 
to  neurophysin,  and  established  for  the  first  time  the  microscopic  on-off  rates  for 
binding  of  a  hormone  (OT)  to  a  macro  molecular  protein  receptor. 

During  this  time,  we  were  preparing  an  increasing  number  of  constrained  cyclic 
peptides,  of  increasing  synthetic  difficulty  which  led  us  to  speculate  that  the  solid 
phase  support  might  provide  a  suitable  environment  for  cyclization.  This  was  tested 
by  M.  Lebl  in  our  laboratory  with  some  success  [11]  and  subsequently  optimized  by 
F.  Al-Obeidi  for  the  synthesis  of  cyclic  superagonist  lactam  analogues  of  a-MSH 
[12].  Recendy  we  have  quantitatively  converted  reduced  [D-Pfcn^D-fen5]  enkephalin 
to  its  cyclic  disulfide  (Misicka  &  Hruby,  unpublished).  Other  types  of  macrocyclic 
peptides  are  needed  and  will  require  the  development  of  new  synthetic  methodologies 
(Table  1).  It  is  exceptionally  satisfying  to  note  that  in  synthesis  of  very  large  (> 
106)  peptide  libraries  on  solid  phase  supports,  preview  analysis  at  the  single  bead 
level  has  demonstrated  a  >  99.5%  per  step  fidelity  of  synthesis  using  the  Selectide 
Method. 

The  critical  need  for  further  developments  in  asymmetric  synthesis  cannot  be 
overemphasized.  Asymmetric  synthesis  of  dipeptide  mimetics,  generally  used  for 
amide  bond  replacements,  is  well  developed  for  enzyme  inhibitor  design.  There  is  a 
need  for  the  design  and  synthesis  of  complex  amino  acids,  amino  acid  analogues,  and 
di-  and  tri-peptide  mimics  that  constrain  in  chi  (g)  space  [13,  14].  We  have 
emphasized  this  theme  since  we  imposed  that  differences  in  g  space  can  distinguish 
oxytocin  agonists  and  antagonists  [15].  More  recently,  we  have  synthesized  a  variety 
of  specialized  amino  acids  with  constraints  in  %x  and  g2  space  [e.g.,  16-19].  There  is 
much  to  be  done  in  this  area  that  will  be  critical  for  the  future  development  of 
rational  design  of  peptides,  pseudopeptidcs  and  peptidcmimctics.  We  look  forward  to 
participating  in  this  exciting,  under-developed  area  of  synthetic  chemistry  (Table  1). 
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Tabfc  1  Some  future  goals  in  peptide  synthesis 


l.  Asymmetric  Synthesis 

A.  Specialised  Amino  Acids  -  Constrained,  Heterocyclic,  etc. 

B.  Specialized  Pseudopeptides 

C.  Cyclic  (Linear)  Templates 

D.  With  Amide  Bond  Replacements 
0.  Macrocyclic  Synthesis 

A.  lecterns.  Lactones,  Thioetbers,  Disulfides,  Ethers,  etc. 

B.  Templated  Ring  and  Tuns 

C.  Orthogonal  Methods 

D.  Bicyclk,  Tricyclic,  etc.  -  Highly  Constrained 

m.  "Clean"  Fragment  Solid  Phase  Synthesis 

A.  Large  Peptide  Synthesis 

B.  Protein  Synthesis 

IV.  ’’Clean"  Pseudopeptide  and  Peptoid  libraries 

V.  Peptide  and  Feptidcmimetic  Conjugates 

A.  Nucleic  Acid; 

B.  Lipids  &  Steroids 

C.  Sugars 

D.  Designed  Heterocyclics;  Suitable  Linkers 


Peptide  Conformation  and  Topography  and  Their  Relationships  to 
Biological  Activity 

A  central  goal  of  our  research  has  been  to  obtain  an  understanding  of  the 
physical/chemical  basis  for  biological  activity  and  information  transfer  in  biological 
systems.  Our  major  premise  has  been  tint  peptide  hormones,  neurotransmitters, 
growth  factors,  cytokines,  antibodies,  immunogenes,  etc.  are  chemical  messengers 
and  that  their  information  is  dependent  on  conformational  and  dynamic  properties: 
conformation  because  biological  systems  exist  in  3D  chiral  space;  dynamics  because 
conformational  changes  in  rime  are  essential  to  living  systems.  Tims  we  have  used 
spectroscopy  (NMR,  CD,  IR,  Raman),  X-ray  crystallography,  model  building,  and 
computational  methods  to  examine  peptide  conformation  and  dynamics,  as  well  as 
binding  and  bioassay  data  (thermodynamics  and  kinetics)  to  provide  insights  into  the 
conformational,  topographical,  and  dynamic  properties  that  are  critical  to  molecular 
recognition  and  biological  activity. 

Determining  the  bioactive  conformations  of  oxytocin  in  its  many  biologically 
relevant  actions  has  been  a  central  problem,  and  we  have  been  fortunate  to  participate 
in  determining  four  different  bioactive  conformations:  1)  oxytocin  as  an  agonist  at 
the  uterine  receptor;  2)  oxytocin  as  an  antagonist  at  the  uterine  receptor;  3)  oxytocin 
binding  to  its  carrier  protein  neutophysin;  and  4)  oxytocin  in  the  crystalline  state. 
We  were  among  the  first  to  recognize  the  significance  of  cis-trans  isomerization 
about  a  Pro  bond  [20],  Subsequent  studies  of  0T  and  deaminooxytodn  by  Urry  and 
Walter  [21],  and  of  these  and  other  analogues  in  DMSO  [7]  and  water  [6] 
demonstrated  the  conformational  flexibility  of  the  molecule,  but  that  a  ^-turn  could 
occur  at  the  TyrMle3  residue.  These  studies  led  Walter  to  propose  his  "cooperative 
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model"  of  OT  activity  at  the  uterine  receptor  [21].  At  the  same  time,  we  examined 
the  conformation  of  the  oxytocin  antagonist  [Pen‘]oxytocin  [15]  and  determined  that 
the  conformation,  topography  and  dynamic  properties  of  oxytocin  agonists  and 
antagonists  were  different  We  postulated  a  "dynamic  model”  [15,  22]  of  oxytocin 
agonist  and  competitive  antagonist  actions  at  uterine  receptors.  Subsequent  CD  and 
Raman  studies  with  carefully  chosen  analogues  [23]  led  to  the  realization  that 
agonists  and  antagonist  favored  different  chiralities  of  the  disulfide  bridge.  The 
determination  of  the  X-ray  structure  of  deamino  oxytocin  [24],  in  which  two  different 
conformations  of  OT  were  found,  supported  the  proposed  models  for  oxytocin  agonist 
and  antagonist  activity.  This  led  to  the  design  of  highly  constrained  bicyclic  OT 
analogues  in  which  both  disulfide  and  lactam  bridges  were  used  together  for  the  first 
time  in  design  [25].  Recently,  2D  NMR,  molecular  modeling,  and  computational 
studies  reported  at  this  meeting  (Wilke,  K6v6r,  Chow,  et  al.),  have  demonstrated  that 
oxytocin  agonists  and  antagonists  present  different  side  chain  topographical  motifs 
for  interaction  with  die  oxytocin  receptor.  Two  valuable  lessons  for  the  future  are 
provided:  1)  peptide  agonists  and  competitive  antagonists  interact  differently  with 
their  receptor  proteins  and  have  different  structure-activity  relationships;  and  2)  the 
availability  of  multiple  conformational  space  is  critical  for  bioactive  peptides  in  the 
course  of  their  biological  lifetimes.  Selective  peptides  for  opioid  receptors  represent 
another  example  as  to  how  agonists  and  antagonists  have  different  structure  activity 
relationships.  The  cyclic  pentapeptide  [D-Pen2,D-P6n5]  enkephalin  (DPDPE)  [27, 
28]  a  highly  5,  opioid  receptor  selective  ligand  has  a  completely  different 
conformation  ami  structure-activity  relationships  than  the  linear  8  antagonists  Allylj- 
Tyr-Aib-Aib-Phe-Thr-OH  and  H-Tyr-Tic-Phe-Phe-OH  [29].  Similarly,  the  highly 
constrained  cyclic  p  receptor  antagonist  D-Tic-C^s-Tyr-D^Trp-Arg-lta-Pfen-Thr-NH^ 
[30,  31]  has  no  conformational  structure  relationships  to  p  receptor  agonists  such  as 
H-Tyr-D-Ala-Gly-MePhe-Gly-ol. 

Conformational  constraint  by  stabilization  of  secondary  structure  has  been  a 
recurrent  theme  in  our  research.  The  development  of  superpotent,  biostable, 
superagonists  of  a-MSH  are  an  excellent  illustration  of  this  rational  design  approach. 
The  recognition  that  the  high  potency  of  die  designed  analogue  [Nle^D-Phe^a-MSH 
[32]  might  be  due  to  the  stabilization  of  a  reverse  turn  about  the  D-Phe7  residue  led 
to  the  design  of  the  superpotent  cyclic  analogue  [C^s4,C^s'°]a-MSH  using  the 
concept  of  pseudoisosteric  cyclization  [33,  34].  Further  conformational  analyses  and 
molecular  dynamics  investigations  led  to  the  design  of  the  superagonist,  prolonged 
acting  (days  to  weeks)  cyclic  constrained  MSH  agonists  such  as  Ac- [Nle4,Aip^D- 
Phe7,Lysl®]a-MSH4.l0-NH2  [12,  35].  These  molecules  are  found  to  have  prolonged 
in  vitro  and  in  vivo  bioactivity,  exceptional  stability  against  biodegradation,  and  long 
times  in  circulation  in  vivo.  These  studies  led  us  to  propose  a  pharmacophore  which 
has  a  reverse  turn  template  involving  the  D-Phe7  and  Arg®  residues  and  in  which  the 
His3,  D-Phe7  and  Trp9  residues  are  presented  on  the  same  surface,  with  the  amino 
terminal,  carboxyl  terminal,  lactam  bridge  (or  disulfide  bridge)  on  the  other  (ancillary) 
surface.  We  now  have  designed  superpotent,  super-prolonged  acting  bridged  analogues 
using  the  ancillary  surface  [36]  to  place  a  dipeptide  basic  motif  fra  interaction  with 
the  membrane  in  the  receptor  compartment.  We  have  demonstrated  that  these 
peptides  partition  into  the  plasma  membrane  of  cells  in  preference  to  the  aqueous 
phase,  quite  unlike  the  native  hormone  [Sharma,  Hadley  and  Hruby,  unpublished). 
Since  many  biologically  active  peptides  appear  to  segregate  their  molecular 
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recogakioa  sites  onto  a  specific  surface,  we  believe  that  the  other  (ancillary)  surfaces 
caa  be  used  for  a  variety  of  aecoodary,  bat  critical  purposes  (Table  2). 

Table  2  Proposed  uses  of  ancillary  sites  on  biologically  active  peptides  for  rational 
design  of  specific  properties 


I.  Design  of  Sites  for  Specific  Interaction  With  the  Membrane  Compartment  of 
Receptors 

II.  Design  of  Sites  for  Specific  Interaction  With  Ancillary  Sites  on  Receptors  (and 
Acceptors  Including  Nucleic  Acids  and  Polysaccharides). 

DL  Design  of  Specific  Chemical  Functionality  to  Enhance  Biodistribution, 
Penetration  Through  Membrane  Barriers,  etc. 

IV.  Design  of  Enhanced  Stability  Against  Biodegradation,  or  to  Provide  a  Site 
Specific  for  Biodegradation  (Prodrug  Approach  or  Specific  Degradation  Site). 

V.  Utilize  for  Attaching  Reporter  Groups  to  be  Used  In  Chemical,  Physical  and 
Clinical  Research,  and  for  Diagnostics. 


Our  work  on  the  design,  synthesis,  and  pharmacophore  examination  of  peptide 
ligands  that  are  highly  potent  and  extraordinarily  selective  for  p,  5,  and  k  opioid 
receptor  types  and  subtypes  has  been  intellectually  challenging  and  scientifically 
satisfying.  Space  does  not  permit  discussion  of  even  a  small  fraction  of  the  science 
that  has  been  done,  but  a  few  highlights  will  illustrate  a  few  lessons  we  have  learned. 
In  the  process,  we  have  obtained  a  number  of  highly  potent  and  highly  selective 
ligands  for  the  p,  tc,,  5,,  S2,  p-5,  and  CCK-S  (see  Table  3).  For  several  of  these 
receptors,  we  were  the  first  to  discover  them  and/or  the  selective  ligands  for  them. 

[D-Pin2,D-P4n5]enkephalin  (DPDPE)  was  the  first  highly  selective  (>1000 
fold)  ligand  for  the  5  opioid  receptor  [27]  and  utilized  two  design  concepts;  1)  pseudo- 
isosteric  cyclization;  and  2)  topographical  transannular  constraint  in  medium  size 
rings.  Subsequent  NMR  studies,  molecular  mechanics  and  molecular  dynamics 
calculations,  molecular  modeling  and  X-ray  analysis,  and  further  topographical 
constraints  determined  that  DPDPE  and  several  more  potent  and  5  opioid  receptor 
ligands  [28,  37-40  for  selected  references]  had  a  bioactive  conformation  with  an 
amphipathic  topography.  The  X-ray  structure  of  DPDPE  revealed  three  different, 
related  conformations  that  closely  resembled  the  one  predicted  to  be  the  "bioactive 
conformation"  [Flippen-Anderson,  Collins,  et  al.,  to  be  published;  41].  Frank 
Porreca  has  found  that  S  ligands  might  reverse  the  addictive  effect  of  p.  opioids  and 
perhaps  of  other  addictive  drugs  such  as  cocaine.  A  structural  highlight  of  this 
research  was  the  development  of  topographical  insights  by  the  use  of  P-MePhe4, 0- 
MeTyr*  and  Hat1  enantiomers  and  diastereoisomers  [38,  39,  41].  The  recent 
discovery  of  the  first  naturally  occurring  5-opioid  receptor  ligands  [42,  43],  the 
Deltorphins,  led  us  to  investigate  how  these  and  other  structurally  and 
conformationally  diverse  ligands  as  DPDPE  could  be  so  selective  for  the  5  opioid 
receptor.  Our  basic  hypothesis  was  that  they  must  share  common  topocbemical 
properties  for  molecular  recognition  of  the  5  receptor.  Using  computational 
chemistry  in  conjunction  with  NMR  studies,  topographically  constrained  analogues 
containing  p-MePhe*4)  and  P-MeTyr1,  and  evaluation  of  their  conformations  by 
NMR  in  conjunction  with  conformational  calculations  [40,  44-46]  led  to  the  sug- 


VJ.  ttn+y 


Pierce  Award  Lecture 


gestioa  of  a  cotnaaon  topographic  »1  aaodf.  Bated  on  these  studies,  we  have  designed 
cyclic  dettorphins  aad  dermeakephahas  with  high  4  receptor  potency  mad  selectivity 
[47]. 


A  particularly  interesting  and  instructive  effort  was  our  conversion  of 
somatostatin  from  a  somatostatin  receptor  ligand  to  a  highly  potent,  and 
exceptionally  p-receptor  selective  opioid  receptor  antagonist  with  little  or  no 
somatostatin-like  activity.  Structure-activity  studies  in  several  laboratories  led  Veber 
and  co-workers  at  Merck  to  conclude  that  essentially  all  bioactivity  of  the 
tetradecapeptide  somatostatin  could  be  accounted  for  by  the  tetrapepride  segment  -Phc- 
Trp-Lys-Thr-  [48],  which  existed  as  a  {J-turn,  and  than  this  P-tura  was  essentially  all 
that  was  required  for  receptor  recognition.  With  these  ideas  they  were  able  to  design 
cyclic  hexapeptides  that  were  as  potent  or  more  potent  that  somatostatin  in  inhibiting 
the  release  of  growth  hormone,  glucagon  and  insulin.  It  had  been  suggested  that 
somatostatin  had  opioid  analgesic  activities  albeit  at  concentrations  103  to  10*  greater 
than  those  that  elicit  somatostatin-like  activity.  These  and  other  results  led  us  to  ask 
whether  we  could  convert  somatostatin  into  a  receptor  selective  opioid.  Two  basic 
assumptions  went  into  our  original  design:  1)  the  P-turn  tetrapeptide  would  serve 
primarily  as  a  conformational  template;  and  2)  the  N-  and  C-terminal  residues  would 
serve  as  the  major  sites  to  "build  on"  an  opioid  receptor  recognition  site.  With  the 
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tool  syafoesis  of  about  tea  or  to  analogues  of  a  somatostatin  cyclic  octapeptide  we 
wore  able  to  find  that  appropriate  substitution  of  the  disulfide  bridge  (Cys  in  2 
position,  Ben  in  7  position),  of  Tyr  for  Phe  it  tbe  3  position  tad  of  s  carboxamide 
terminal,  provided  an  analogue  D-Phe-C^s-Tyr-b-Trp-Lys-Thr-Pte-Thr-NHj  (CTP) 
[49]  that  was  about  200  fold  selective  for  tbe  n  vs.  somatostatin  receptor  and  -1000 
fold  selective  for  the  p  vs.  8(k)  receptor.  Hence,  we  had  coaverted  somatostatin  from 
a  somatostatin  receptor  ligand  to  a  highly  p  opioid  receptor  ligand.  Substitution  of 
die  D-Phe1  with  the  topographically  constrained  D-Tic1  residue  and  Lys3  with  On3 
or  Arg3  led  to  analogues  that  were  nanotnolar  binders  to  the  p.  receptor,  10M04 
selective  for  vs.  somatostatin  receptors  and  10M03  selective  for  the  n  vs.  8  (k) 
receptors  [30,  31].  Conformation  analysis  and  molecular  dynamic  simulations  using 
state-of-the-art  2D  NMR  and  computational  chemistry  demonstrated  [31,  Kaxmkrski 
et  at.,  unpublished]  that  a  stable  reverse  fi-turn  was  present  in  the  -Tyr-D-Trp-Orn- 
Thr-  sequence,  that  only  a  specific  disulfide  chirality  was  compatible  with  strong  p. 
receptor  preference,  and  that  correct  topographical  presentation  of  the  aromatic  group 
in  positions  1  and  3  and  of  Thr8  were  essential.  A  topographical  model  for  the 
pharmacophore  for  p.  receptor  recognition  of  an  inhibitor  could  be  suggested  [31]. 
Comprehensive  in  vitro  and  in  vivo  bioassays  demonstrated  the  exceptional 
inhibitory  potency  [pAj  values  of  1 1-12]  and  prolonged  action  [tI/2  =  >250  min]  of 
these  compounds  [e.g.,  50-51]. 

Recently  we  have  designed  constrained  analogues  of  dynorphin  with  high 
potency  and  extraordinary  selectivity  (>10,000  fold)  for  the  k,  (vs.  Kj,  etc.)  opioid 
receptors  [52-53,  Porreca  et  al.,  unpublished]  using  concepts  of  cyclic  conformational 
constraints  and  relationships  of  address  regions  of  opioid  receptors.  Similar  concepts 
were  used  for  developing  the  structure-biological  activity  relationships  of  melanocyte 
concentrating  hormone  agonists  and  antagonists  [e.g.  54],  also  using  second 
messenger  effects  and  a  solution  conformation  [55].  Using  similar  concepts,  we  also 
have  developed  highly  selective  cbolecystokinin  analogues  for  the  CCK-B  and  CCK- 
A  receptors  [56;  Fang,  Hruby,  et  al.,  manuscripts  in  preparation]. 

Conformational  Constraint  in  Rnmachandran  (6,  y)  Space  and  in  Chi 
(X)  Space 

6,  y  Space.  Fran  the  beginning  of  our  independent  studies  in  1968,  we 
assumed  tint  peptide  conformation  would  be  a  critical  aspect  of  biological  activity. 
A  basic  assumption  we  made  for  design  purposes,  since  we  did  not  have  the  3D 
structure  of  the  receptors,  was  that  we  could  nonetheless  determine  the  3D 
stereostractmal  requirements  of  the  receptor  by  design  of  a  suitably  constrained  ligand 
whose  conformation  would  be  complementary  to  the  receptor.  Thus,  both  binding 
studies  and  bioassays  (in  conjunction  with  biophysical  measurements)  would  be 
needed  to  provide  the  thermodynamic,  kinetic,  dynamic  and  structural  insights  needed 
for  rational  design.  Thus,  a  good  binding  study  or  bioassay  is  a  chemical  experiment 
We  further  assumed  that  the  peptide  would  likely  prefer  some  common  secondary 
structures  for  maximal  interaction  at  the  receptor.  Thus,  our  design  efforts  always 
included  conformation^  considerations.  In  foe  beginning  tins  was  done  intuitively, 
and  by  model  building,  but  once  secondary  structure  prediction  methods  and  statistical 
and  force  field  methods  of  conformational  evaluation  became  available,  we  used 
calculations  to  supplement  and  supplant  our  intuitive  conformational  evaluations. 
We  further  assumed  that  the  primary  sites  of  interaction  involved  tbe  side  chain 
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moieties  property  arranged  in  30  space,  and  that  the  backbone  served  primarily  as  a 
template  for  proper  presentation  of  the  side  chains.  Perhaps  too  influenced  by  the 
putative  structures  of  the  gramicidins  and  cyclic  peptide  antibiotics,  we  saw  H- 
bonding  as  mainly  of  use  for  intramolecular  stabilization  and  not  intermolecular 
recognition.  These  assumptions  have  greedy  aided  our  design,  and  in  almost  every 
problem,  we  have  quickly  found  a  constrained,  secondary  structure  that  could  serve  as 
a  template  for  the  purpose  of  design  and  evaluation  of  conformational  structure- 
biological  activity  relationships.  Indeed,  the  use  of  conformational  constraints  as  the 
basic  design  mode  has  been  the  central  theme  of  our  research  for  the  past  20  years. 
Some  of  die  methods  used  in  our  design  of  conformational  constraints  woe  listed  in 
ref.  [34].  The  specific  application  of  these  methods  to  particular  problems  is  outside 
the  scope  of  this  presentation,  but  several  overviews  have  appeared  in  die  literature 
[e.g.,  14,  34]. 

Conformational  Constraint  in  Chi  (x)  Space.  In  the  past  decade,  we 
have  increasingly  tinned  our  attention  to  constraints  in  Chi  space.  In  my  view,  this 
approach  will  become  increasingly  the  major  focus  of  peptide  and  peptide  mimetic 
design.  This  is  because  molecular  recognition  both  in  toms  of  potency  and 
selectivity  is  highly  effected  by  both  en tropic  and  enthalpic  factors.  The  side  chains 
of  most  amino  acids  tend  to  be  quite  flexible  and,  even  in  highly  ordered  secondary 
structural  motifs,  have  considerable  flexibility.  Nevertheless,  a  true  understanding  of 
a  pharmacophore  requires  careful  attention  to  the  side  chain  conformation.  As  already 
discussed,  studies  of  the  bioactive  conformation  of  oxytocin  agonists  and  antagonists 
strongly  supported  the  notion  of  a  transannular  Tyr2  to  Asp3  side  chain  interaction  as 
important  to  agonist  activity,  whereas  prevention  of  that  interaction  led  to  antagonist 
activity.  Furthermore,  conformation-activity  studies  with  oxytocin  clearly 
demonstrated  that  topography  not  conformation  was  the  major  determinant  of 
molecular  recognition  for  agonist  vs.  antagonist  activity  [26],  We,  therefore,  began 
in  the  early  1980s  to  ask  how  we  might  address  the  problem  of  X  space  more 
directly.  Since  such  constraints  inevitably  could  require  additional  substituents  on 
the  P-owbon,  aromatic  carbons,  or  other  carbons  where  additional  chiral  centers  would 
be  created,  it  was  clear  that  asymmetric  synthetic  methods  would  be  required.  Fate 
again  intervened.  We  were  getting  started  and  had  crane  to  the  conclusion  that  use  of 
a  chiral  auxiliary  in  conjunction  with  a  nucleophilic  or  electrophilic  nitrogen  were 
needed,  when  I  went  off  to  Harvard  for  a  sabbatical  with  Martin  Karplus  and  ran  into 
David  Evans  who  had  just  moved  to  Harvard  and  already  had  an  auxiliary.  With 
David's  help,  we  adopted  his  chiral  auxiliary  for  asymmetric  synthesis  of  ^-methyl 
aromatic  amino  acids  [16, 18, 19].  In  our  latest  efforts,  using  a  new  chiral  auxiliary, 
we  can  fix  both  a  and  p  stereochemistry  in  a  one  pot  reaction  with  very  high  chiral 
purity.  Compounds  such  as  p-Me-2',6'-Me2Tyr  that  have  severely  hindered  rotation 
about  die  %2  angle  (AG+  =*  13-22  kcal  (mole)  [37],  and  hence  can  form  a  third  chiral 
surface,  have  been  prepared.  Their  application  to  topographical  conformation-activity 
relationships  should  be  most  exciting.  Space  does  not  allow  a  discussion  of  the  use 
of  conformation  constraints  in  x  space,  but  I  outline  in  Table  4  some  of  the 
approaches  in  om  laboratory  that  have  led  to  peptides  and  peptidomimetics  with 
extraordinary  potency  and  selectivity  including  fl-MePhe4  [39]  rod  P-MeTyr'  [40] 
analogues  of  DPDPE  rod  p-MePhe3  analogues  of  CCK-8  (36)  with  extraordinary 
selectivity  rod  potency  for  8  opioid  and  CCK-B  receptors,  respectively. 
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L  Peoka&amine  and  Other  ^-Substituted  Cysteine  Analogs 

A.  S~S  dumbly  can  be  dMenrined 

B.  Xi  *»d  %2  *****  disulfide  bridge  hindered 

C.  Ttansa nanlar gMHlimihjil  effects  m  medium  size  rap 

EL.  Phenyl  glycines,  t-Butylgtycine,  etc. 

A.  Only  Xi  -  constrained  by  adjacent  amino  acid  residues 
DL  {J-MethyK ABcy  1)- Aromatic  Amino  Acids 

A.  Generally  xt  constrained  to  2  values 

B.  Sterk  and  stereoefoctromc  effects  on  recognition  surfaces 

IV.  P,P-Diinethyl- Aixxnatic  Amino  Add 

A.  Generally  x1  coostrained  to  1  value;  %{! 

V.  f^Methyl-2'6'-Diinethyl-Aromatk  Amino  Adds 

A.  X]  Generally  constrained  to  2  values 

B.  %2  Generally  constrained  to  1  value 

VI.  Tic  and  Related  "Cyclic"  Amino  Acids 

A.  Xi  constrained  to  2  values  -  preferred 

B.  %2  constrained  to  1  value 

VIL  a-Methyl-^-Mediyl-Tic  and  Related  Cyclic  Amino  Acids 
A.  Gauche(-)  and  Gauche(+)  allowed  for  internal  residues 
VDL  Amino  Adds  Substituted  in  the  ^-Position  with  -SH,  -OH,  -CHjX,  NH2  etc. 

A.  New  stereodectrooic  effects 

B.  Generally  Xt  and  X2  constraints; 

C.  To  construct  new  classes  of  cyclic  peptides  and  peptidemimetics 

IX.  Amino  Acids  Substituted  in  the  ^-Position  With  Heterocyclic, 
Pseudoaromatic,  Aromatic  and  Other  Functional  Groups 

A.  Used  to  design  specific  aromatic  and  other  stereodectronic  properties 

B.  Generally  specific  Xi  and  X2  constraints 

X.  <X$-Dehydro-  arid  Other  Unsaturated  Amino  Acids 

A.  Xl  can  be  constrained  to  "unnatural"  side  chain  topography 

B.  Stereochemistry  can  be  determined  precisely 

C.  a,P-Unsaturation  can  influence  backbone  conformation 


Some  Lemons  Learned  Frem  Stndlee  of  Conforms tional-Stnacture- 
Biological  Activities  Belatienahips 

Peptide  agonists  and  antagonists  for  the  same  receptor  have  different  structural, 
conformational  and  topographical  requirements  for  the  same  receptor  site.  We  have 
learned  this  and  a  number  of  other  lessons  that  we  hope  will  be  useful  in  the  future, 
and  a  few  will  be  discussed  here.  Development  of  antagonists  of  bioactive 
compounds  is  very  important,  but  as  we  have  discussed  [58],  though  there  is  no 
direct  route  to  go  from  agonists  to  antagonists,  there  are  several  useful  approaches 
that  have  led  to  pact  success  and  can  serve  as  inspiration  for  the  future.  The  use  of 
conformational  constraint,  topographical  constraint,  and  amide  bond  replacements 
have  all  been  used  successfully  in  our  laboratory  to  obtain  peptide  hormone  and 
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ncuroginium  tiers  antagonists.  A  potentially  rational  approach  is  the  use  of  partial 
agonist  activity  as  a  road  to  a  pure  antagonist  Partial  agonists  are  interesting  in  that 
they  can  bind  to  the  receptor,  but  at  no  concentration  will  they  fully  activate  the 
receptor  transduction  system.  Thus,  the  ligands  have  available  topochemical 
properties  that  are  compatible  for  molecular  recognition  of  both  states  of  the  receptor. 
The  trick  then  is  to  eliminate  those  aspects  of  structure  necessary  for  agonist  activity. 
This  was  our  major  approach  for  developing  glucagon  antagonists  for  the  adenylate 
cyclase  coupled  receptor  [59-62],  some  of  which  could  Iowa-  blood  glucose  levels  in 
diabetic  animals  [63].  Unfortunately,  the  glucagon  receptor  (and  this  appears  to  be 
true  for  many  receptors)  has  multiple  transduction  states  [64]  and  apparently  these  can 
lead  to  glucose  release  in  vivo  though  the  cAMP  pathway  is  completely  blocked. 
From  these  and  many  other  studies,  it  is  now  clear  that  proper  development  of 
potent,  receptor  specific  peptide  antagonists,  enzyme  inhibitors,  antigens,  etc. 
requires  the  use  of  multiple  assay  systems  that  provide  chemically  relevant 
information  including  binding  constants,  on  and  off  rates,  thermodynamic  data, 
chemical  transduction  mechanisms,  and  so  forth.  Peptide  chemists  need  to  more 
folly  recognize  the  value  and  importance  of  collaboration  with  biologists  so  that  the 
foil  impact  of  our  work  can  be  realized. 

Peptide  Stability  and  Biodistribution 

It  is  often  said,  even  by  peptide  chemists  who  should  know  better,  that  peptides 
are  unstable  and  thus  not  suitable  for  use  as  drugs.  Tins  is  nonsense.  We  humans 
could  not  exist  unless  many  of  the  peptides  and  proteins  that  constitute  our  cells, 
blood  constituents,  membrane  constituents,  etc.  were  stable.  Nonetheless,  many 
endogenous  peptides  are  unstable.  However,  our  experience  is  that  conformational 
constraint  alone  or  in  conjunction  with  other  chemical  "tricks"  (D-amino  acids,  amide 
bond  replacements,  non-standard  amino  acids)  can  stabilize  peptides  against 
proteolytic  breakdown  in  the  serum,  the  brain,  the  kidney  or  the  liver.  Space  does 
not  permit  an  extensive  discussion,  but  we  have  successfully  stabilized  or  increased 
by  orders  of  magnitude  the  stability  of  peptide  ligands  to  proteolytic  degradation. 
Peptides  such  as  Ac-[Nle4,A$p3,D-Phe/,L^s10)a-MSH4_lo-NH7,  H-Tyr-D-Pfcn-Gly- 
Phe-D-Pin-OH  (DPDPE),  and  I>Pbe-C^Tyr-D-Trp-A^-^^Thr-N^  (CTAP) 
are  completely  stable  to  proteolytic  digestion,  and  analogues  such  as  [Nle4J>Phe7]a- 
MSH,  [C£sV!}s10]a-MSH,  [P-Mpa1,p-MePhe2,Thr4,Orn*]OT,  and  R-CO-[D- 
Phe7]a-MSH  have  greatly  enhanced  stability.  We  have  published  extensively  with 
our  biological  colleagues  about  this  [e.g.,  see  65-70].  We  believe  the  problem  has 
been  basically  solved  and  requires  a  commitment  to  further  science  to  make  it  a 
totally  rational  process.  Biodistribution  of  peptides  is  still  a  major  problem. 
However  peptides  and  proteins  are  everywhere  in  the  body  and  get  everywhere  in  the 
body.  In  terms  of  science,  this  means  we  need  to  determine  how  Nature  does  it  so 
that  we  can  do  Nature  one  better.  I  believe  a  variety  of  approaches  can  be  successful 
(Table  5). 
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Table  5  Approaches  to  improve  biostabtiity  and  biodistribution 


I.  Stabilize  Peptide  Against  Biodegradation 

Conformational  Constraint;  Amide  Bond  Replacements;  D-  and  Non-Standard 
Ammo  Acids 

XL  Enhance  Tune  in  Circulation/Receptor  Compartment 
Conformational  Constraint;  Upophilicity;  Conjugates 
HI.  Design  For  Receptor  Comportment  Using  Ancillary  Sites  of  Interaction 
Upophilicity;  Electrostatic  Interaction 

IV.  Physicochemical  Approaches  to  Membrane  Barriers 
Upophilicity;  Transport  Systems;  Hydrophilicity 

V.  Use  Carrier  Mediated  Mechanisms  for  Design 
VL  Use  Pseudopeptide  and  Non-Peptide  Templates 
VH.  Design  Dynamic  Upophiles/Hydrophiles 


In  addition  to  our  efforts  to  stabilize  peptides  against  biodegradation,  we  have 
sought  new  methods  to  improve  their  time  in  circulation  and/or  in  the  receptor 
compartment.  Some  useful,  and  we  hope  universal,  strategies  have  been  developed, 
such  as  conformational  constraint  In  addition,  various  increases  in  Upophilicity  can 
have  the  same  affect  [e.g.,  see  71].  Such  increased  UpophiUcity  may  provide 
increased  interaction  of  these  compounds  with  certain  circulating  blood  components. 
Another  area  of  interest  is  the  possibility  of  increasing  the  lifetime  of  the  peptide  in 
the  receptor  compartment  of  the  membrane  by  using  ancillary  sites  that  can  interact 
with  the  membrane  or  the  receptor  (Table  5).  We  have  developed  prolonged-acting  a- 
melanotropin  analogues  that  can  maintain  activity  after  several  cell  divisions  even 
though  all  of  tiie  peptide  has  been  removed  after  short  exposures  of  a  few  hours  or 
less  [72].  This  is  due  to  maintenance  of  these  peptides,  e.g.  [NVe4,D-Phe7]a-MSH, 
in  die  receptor  compartment  More  recently,  we  have  designed  bridged  analogues  of 
a-MSH,  specifically  containing  dibasic  acids  on  the  ancillary  surface  for  interaction 
with  the  receptor  and  have  demonstrated  that  these  molecules  partition  into  the 
membrane  compartment  of  melanophores  much  more  so  than  the  native  hormone 
[36].  We  also  have  a  large  effort  to  find  methods  to  get  peptide  hormones  and  neuro¬ 
transmitter  across  die  Mood  brain  barrier,  and  have  had  some  success  with  several  of 
our  opioid  analogues  [73].  A  particularly  dramatic  effect  was  recently  obtained  in 
collaboration  with  Robin  Polt  where  we  were  able  to  show  that  potent  centrally 
mediated  analgesia  could  be  obtained  following  peripheral  administration  of  specific 
glycopeptide  conjugates  [R.  PMt  et  al.,  submitted  for  publication].  This  is  an 
important  area  for  further  research  (Table  5). 

We  have  many  other  interests  that  we  have  actively  pursued  over  the  years 
including  new  analytical  methods  development  in  the  areas  of  chromatography  and 
mass  spectrometry,  the  development  of  new  NMR  methods  [e.g.,  74],  and  in  recent 
years,  the  synthesis  and  use  of  very  large  peptide  libraries  [e.g.,  75,  76].  I  believe 
there  is  in  place  a  logical  approach  to  peptide  design  that  works.  Most  of  these  steps 
need  to  be  refined,  but  fortunately  we  have  or  can  develop  the  tools  for  continued 
progress.  It  is  an  exciting  rad  creative  time  for  peptide  science. 
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I  have  enjoyed  tremendously  this  research  trail  in  peptide  chemistry.  I  have 
especially  enjoyed  die  opportunity  to  interact  with  so  many  bright  and  dedicated 
students,  postdoctoral  fellows,  and  colleagues  throughout  the  world.  I  firmly  believe 
that  scientists  bring  to  human  endeavor  a  special  quality  of  highly  critical  thinking, 
but  a  collective  spirit  that,  given  further  development  and  maintenance  of  high  ethical 
standards  (currently  under  severe  stress),  could  educate  the  world  to  friendship  and 
cooperation  rather  than  the  enmity  and  destructive  competition  that  has  marked  so 
much  of  human  history.  I  hope  we  will  develop  our  field  with  this  spirit 
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Fig.  1.  Scientists:  Emil  Fischer  (top  left);  Max  Bergmann  (top  right);  Leonidas  Zervas 
(bottom  left)  and  Joseph  Fruton  (bottom  right). 
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A  count  of  the  attendance  at  this  meeting  and  a  lode  at  die  range  and  quality  of 
papers  to  be  presented  tells  me  that  peptide  chemistry  and  biology  remains  an  active, 
and  important  field. 

I  have  been  asked  to  comment  on  the  growth  and  development  of  peptide 
research  as  I  have  observed  it  over  the  years  and  to  point  out  the  events  and 
achievements  that  I  consider  to  be  most  important.  My  theme  is  that  we  all  owe  a 
debt  of  gratitude  to  those  who  have  gone  before  us  and  have  laid  the  foundations  of 
our  field.  We  should  not  forget  the  struggles  the  pioneers  went  through  to  build  a 
viable  field. 

One  cannot  begin  such  a  talk  without  going  to  the  very  beginning,  when 
Theodor  Curtius  made  the  first  amide  bond  between  two  a  amino  acids  and  Emil 
Fischer  (Figure  1)  made  the  first  free  dipeptide.  Fischer  coined  the  name  peptide 
and  went  on  to  establish  peptide  chemistry  as  a  true  field  of  research  with  a  great 
potential.  He  saw  it  as  a  subdiscipline  of  chemistry,  but  could  imagine  it  as 
encompassing  a  much  broader  area  of  interest.  I  have  been  much  impressed  by  his 
published  remarks  of  1907,  which  I  take  from  a  translation  by  Greenstein  and  Winitz. 
Fischer  wrote  the  following: 

"Whereas  cautious  professional  colleagues  fear  that  a  rational  study  of  this 
class  of  compounds  [proteins],  because  of  their  complicated  structure  and 
their  highly  inconvenient  physical  characteristics,  would  still  uncover 
insurmountable  difficulties,  other  optimistically  endowed  observers, 
among  which  I  will  count  myself,  are  inclined  to  die  view  that  an  attempt 
should  at  least  be  made  to  besiege  this  virgin  fortress  with  all  the 
expedients  of  the  present;  because  only  through  this  hazardous  affair  can 
the  limitations  of  the  ability  of  our  methods  be  ascertained." 

Fischer  was,  of  course,  far  ahead  of  Us  time.  No  structure  of  a  protein  was 
known  and,  in  fact,  there  was  a  school  of  thought  stating  that  they  were  not  even  true 
compounds.  It  was  many  years  before  Sumner  crystallized  urease  and  Sanger  deduced 
the  sequence  of  insulin  and  the  idea  that  proteins  each  had  a  unique  structure  was 
accepted.  So  Fischer  could  not  hope  to  synthesize  a  real  protein.  But  he  could  begin 
by  making  large  polypeptides  that  might  simulate  their  general  properties.  The 
important  point  was  that  he  took  a  very  optimistic  point  of  view  and  he  had  a  vision 
that  the  chemist  could  eventually  achieve  such  a  goal  and  would  learn  something 
important  wUle  doing  so.  Basically,  Fischer  was  right  and  60  years  later  a  protein 
was  synthesized.  Now  they  can  be  matte  so  cleanly  that  crystals  can  be  obtained  and 
X-ray  structures  determined. 

Before  that  could  be  done,  much  groundwork  had  to  be  laid.  As  we  all 
recognize,  the  first  major  breakthrough  was  by  Fischer's  student  Max  Bergmann 
(Figure  1)  and  his  colleague  Leonidas  Zervas  (Figure  1)  when  they  finally  devised  a 
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reversible  amino  protecting  group  -  the  carbobenzoxy,  or  benzyloxycarbonyl  group. 
That  was  done  in  Dresden  in  1932.  A  short  time  later  Bergmann  came  to  the  United 
States  and  was  given  a  position  at  the  Rockefeller  Institute  in  New  York  City. 
Zervas  soon  followed,  and  Bergmann  began  to  assemble  a  most  remarkable  group  of 
young  men  who  succeeded  in  making  this  the  most  outstanding  group  of  peptide 
chemists  in  this  hemisphere.  He  first  added  Joseph  Fruton  (Figure  1),  then  Klaus 
Hofmann  (Figure  2),  William  Stein,  Stanford  Moore,  Emil  Smith,  Mark  Stahman, 
Hans  Frankel-Conrat,  Paul  Zamecnik  and  Sidney  Fox. 

Their  ability  to  synthesize  peptides  allowed  them  to  do  the  pioneering  studies 
on  specificity  of  proteolytic  enzymes.  This  was  an  application  for  which  peptide 
synthesis  was  uniquely  suited,  and  it  was  the  forerunner  of  the  vast  amount  of 
structure-function  studies  that  have  followed.  But  we  should  not  forget  how  difficult 
this  work  was.  Nearly  all  starting  materials  and  reagents  had  to  be  made  in  house, 
and  the  chemistry  was  still  very  limited. 

I  came  to  the  Institute  in  1949  after  Bergmann  had  died  and  his  group  had 
disbanded,  but  I  have  come  to  know  all  of  the  members  of  the  group  except 
Bergmann  himself.  One  of  the  things  I  am  very  proud  of  is  the  fact  that  I  have 
occupied  his  old  office  and  laboratories  for  the  past  27  years  -  and  that  has  been  a 
source  of  great  satisfaction  and  inspiration. 

Following  the  Bergmann  period  we  began  to  see  the  introduction  of  new 
synthetic  chemistry;  mainly  new  protecting  groups  and  new  methods  of  activation 
and  coupling.  In  addition,  concerns  over  optical  purity  of  starting  materials  and 
racemization  during  the  coupling  reaction  came  under  investigation,  together  with 
ways  to  assess  and  eliminate  this  side  reaction.  Now-a-days  we  hear  little  about  this 
subject  and  tend  to  take  it  for  granted  that  it  is  not  a  real  problem  -  without  any 
thought  about  the  years  of  work  that  went  into  its  study.  Recall  the  Young  test,  the 
Anderson  test,  and  later  the  Kemp  isotope  dilation  test  or  the  carboxyanhydride 
diastereomer  test  and  Benoiton's  work  on  hydantoins.  The  life  saver,  of  course,  was 
the  finding  that  urethane  protection  prevents  racemization  during  activation  and 
coupling  of  amino  acids. 

The  keys  to  much  of  the  great  advances  in  the  1950's  were  the  discoveries  of 
activation  of  amino  acids  by  phenyl  and  thiophenyl  esters  by  Wieland  (Figure  2), 
cyanomethyl  esters  by  Schwyzer  (Figure  2),  nitrophenyl  esters  by  Bodanszky  (Figure 
2)  and  the  chloro-  and  fluorophenyl  esters  by  Kovacs,  Kisfaludy  and  others.  These 
were  supplemented  by  further  contributions  from  Wieland’s  laboratory:  the  mixed 
anhydrides  between  the  amino  acid  and  aliphatic  carboxylic  acids,  carbonic  acid 
derivatives,  or  inorganic  acids,  and  the  symmetric  anhydrides,  crystalline  or  prepared 
in  situ,  which  became  important  activation  methods.  These  were  followed  by  the 
introduction  of  carbodiimides  into  peptide  chemistry  by  Sheehan. 

These  and  many  other  new  reagents  opened  the  way  to  an  avalanche  of  new 
synthetic  chemistry  on  biologically  active  peptides.  DuVigneaud  (Figure  3)  and  his 
group  prepared  the  nonape  ptides  oxytocin  and  vasopressin,  the  first  synthetic 
hormones.  This  was  soon  followed  by  Hofmann's  a-MSH  and  S-peptide,  Li's 
(Figure  3)  p-MSH  and  Schwyzer's  ACTH  (1-39)  and  so  many  others,  among  whom 
can  be  mentioned  George  Kenner,  Helmut  Zahn,  Erich  Wiinsch,  Bemd  Gutte  and 
Ralph  Hirschmann.  Each  of  these  pioneers  spawned  a  school  of  peptide  chemists  and 
many  of  you  can  no  doubt  trace  your  beginnings  to  one  of  diem. 
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Fig.  3.  Scientists:  Vincient  du  Vigneaud  ( top  left);  Choh  Hao  Li  (top  right);  George 
Kenner  (bottom  left)  and  Miklos  Bodanszyky  and  Helmut  Zahn  (bottom  right). 
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la  my  view  the  next  major  improvement  in  peptide  synthesis  was  the  use  of 
physical-organic  chemical  principles  by  Caipino  to  propose  the  tert-butvloxvcarhonvl 
group  as  an  acid- labile  nitrogen  protecting  group  that  should  be  applicable  to  peptide 
chemistry.  Very  soon,  Anderson  and  McGregor,  and  Albertson  and  Mac  Kay 
demonstrated  that  this  was  the  case  and  that  the  standard  workhorse  Cbz  group  could 
be  replaced  by  a  group  that  was  removeable  under  mild  non-destructive  acidic 
conditions,  without  the  need  for  catalytic  hydrogenolysis  or  sodium  in  liquid 
ammonia  reduction.  This,  of  course,  was  followed  by  other  very  acid-labile  groups 
that  have  their  own  special  advantages. 

In  1958  an  historic  event  occurred  -  the  1st  European  Peptide  symposium  was 
held.  Josef  Rudinger  (Figure  4),  with  the  encouragement  of  F.  Sdrm  (Figure  4), 
organized  it  in  Prague,  and  invited  about  a  dozen  leaders  of  the  new  discipline  to  meet 
and  discuss  peptide  chemistry.  Among  them  woe  Wieland,  Wiinsch  (Figure  4), 
Rothe,  Goldschmidt,  Brenner,  Liberek,  Taschner,  Medzihradszky,  Schemyakin, 
Russell  and  Young  (Figure  4)  and  all  the  members  of  the  Prague  group. 

It  was  just  at  this  period  (1959-1962)  that  I  began  to  develop  the  idea  of  solid 
phase  peptide  synthesis.  It  was  a  new  principle  for  die  preparation  of  peptides,  and  a 
range  of  other  oligomeric  organic  compounds.  It  depended  on  the  assembly  of  a 
peptide  chain  while  it  was  covalendy  anchored  at  one  end  to  an  insoluble  support, 
and  this  provided  several  advantages  that  have  made  it  a  useful  technique.  John 
Stewart  and  I  (Figure  5)  built  a  machine  for  that  purpose,  which  further  simplified 
and  accelerated  the  process.  It,  of  course,  was  eventually  replaced  by  more 
sophisticated  commercial  instruments. 

It  is  important  to  point  out  that  most  of  the  chemical  reactions  that  were  used 
for  the  solid  phase  method  were  taken  from  methods  already  worked  out  for  classical 
synthesis  by  the  people  I  have  been  discussing.  This  is  a  good  example  of  how 
current  work  is  usually  dependent  on  work  that  has  gone  before. 

By  1968  peptide  chemistry  had  expanded  in  America,  and  a  group  of  us  believed 
it  was  time  for  a  symposium  hone,  especially  because  it  was  not  possible  for  most  of 
us  to  attend  the  series  of  continuing  European  meetings.  Boris  Weinstein  and  Saul 
Lande  (Figure  6)  took  the  initiative  and  organized  the  1st  American  Peptide 
Symposium  at  Yale  University,  with  about  80  in  attendance.  It  was  a  success,  and 
attendance  has  grown  to  ova  1400  for  the  current  meeting. 

The  Japanese  and  Chinese  have  also  organized  their  peptide  symposia  under  the 
leadership  of  Sakalribara  (Figure  6),  Yajima,  Shiba  and  Yanaihara  (Figure  6)  and 
Wang,  Du,  Rung  and  many  others  (Figure  7). 

Shortly  after  our  first  symposium  a  new  postdoc  agreed  to  come  to  my 
laboratory  -  on  the  condition  that  he  could  represent  his  country  in  the  1972  winter 
Olympics  in  Sapporo,  Japan.  Some  of  you  may  recognize  him  in  this  photo,  but 
others  may  need  a  more  formal  picture  to  help  identify  Bob  Hodges,  the  chairman  of 
this  13th  American  Peptide  Symposium  (Figure  7). 

In  the  time  remaining  I  would  like  to  describe  briefly  what  I  consider  to  be 
some  of  the  major  developments  in  peptide  chemistry  during  die  past  few  years  and 
the  major  applications  of  synthesis  to  physical  or  biological  questions.  Nearly  all  of 
the  key  people  are  in  attendance  this  week. 

Protecting  groups  are  a  key  component  in  synthesis  and  they  have  been 
improved  in  several  ways.  The  Boc  group  is  still  standard,  but  in  many  cases  it  has 
been  replaced  by  more  acid  labile  N“- protec  ting  groups  such  as  Bpoc,  MeOZ,  Nps, 
etc.,  or  by  thiol  deavable  groups  likeDts.  Carpi  no's  base-labile  Fmoc  group  has 
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Fig.  4.  Scientists:  Josef  Rudinger  (top  left);  F.  Sorm  (top  right);  Erich  Wunsch  (bottom 
left)  and  Geoffrey  Young  (bottom  right). 
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Fig.  5.  Scientists:  Bruce  Merrifield  and  John  Stewart  ( top  left  and  right,  respectively ): 
Bernd  Gutte  and  Ralph  Hirschmann  ( bottom  left  and  right,  respectively). 
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Fig.  6.  Scientists:  Boris  Weinstein  and  Saul  Lande  { top  left  and  right,  respectively); 
Noboru  Yanaihara  and  Shumpei  Sakakibara  (bottom  left  and  right,  respectively). 
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Fig.  7.  Scientists  of  The  Shanghai  Peptide  Group.  In  the  front  row  are  Libby  Merrifield, 
Drs.  Kung  and  Du  from  left  to  right  respectively,  top  panel;  Bob  Hodges,  left  and  right  of 
bottom  panel. 
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now  become  the  most  popular  temporary  N“-blocking  group  and  has  added  much 
flexibility  to  synthetic  design.  For  C^-protection  or  for  anchoring  to  resin  supports 
a  large  number  of  acid-cleavable  groups  have  been  devised,  including  benzhydryl 
amines,  which  produce  peptide  amides.  Cleavage  conditions  cover  the  range  from 
anhydrous  HF  to  acetic  acid.  One  of  the  most  promising  new  anchoring  handle 
utilizes  the  allyl  function,  introduced  by  Kunz,  which  is  removed  by  Pd(O)  under 
very  mild  and  selective  conditions.  Multidetachable  resins  and  orthogonal 
combinations  of  protecting  groups  have  provided  much  flexibility  to  synthetic 
design,  leading  from  a  single  synthesis  to;  free  peptides,  protected  peptides  or 
protected  peptides  containing  a  C-terminal  handle  for  reattacbment  to  resin  supports 
for  further  synthesis. 

For  coupling  reactions  the  introduction  of  N-hydroxysuccinimide  and  N- 
hydroxybenztri azole  (HOBt)  as  additives  to  accelerate  the  condensation  and  minimize 
racemization  was  an  important  step  forward  and  much  developmental  work  has  come 
in  the  last  few  years  based  cm  these  components.  Castro  made  the  big  breakthrough 
in  1975  with  his  BOP  reagent,  a  phosphonium  salt  derived  from  HOBt.  It  rapidly 
forms  the  Fmoc-aminoacyl-OBt  ester,  which  is  aminolysed  by  the  amino  component 
to  give  the  peptide  bond.  The  reagent  has  been  widely  used,  with  much  enthusiasm. 
Many  variations  of  this  phosphonium  class  have  now  been  studied.  The  newest  of 
this  general  group  of  reagents  incorporate  uromum  salts  and  air  considered  by  some 
to  be  even  more  reactive.  The  amino  acid  fluorides  and  urethane  protected 
carboxyanhydrides  also  contribute  to  the  armamentarium  of  new  coupling  reagents. 

Fischer's  original  goal  of  synthesizing  a  protein  continues  as  an  objective  of 
many  at  this  meeting.  The  target  may  be  a  natural  protein  or  one  designed  de  novo. 
The  approaches  can  be  by  stepwise  or  by  segment  synthesis  and  with  or  without  a 
solid  support. 

The  newest  trends  are  for  mild  methods  of  segment  ligation  that  can  be 
conducted  in  mixed  solvents  or  in  water  alone.  Blake  found  this  to  be  facilitated  by 
silver  ion-catalysed  condensation  of  a  thioacid  and  the  amine  component,  and  Kent 
used  thioacids  to  condense  with  a  bromoacyl  peptide.  The  very  extensive  work  of 
Dan  Kemp  has  led  to  an  elegant  and  promising  thiol  capture  method.  The  carboxyl 
and  amine  components  are  thus  brought  close  together  for  an  intramolecular  reaction 
at  high  effective  concentrations,  in  the  molar  rather  than  millimolar  range.  Perhaps 
the  most  promising  of  the  new  methods  is  an  aldehyde  capture  technique  of  Tam.  A 
3,3,0  bicyclo  transition  state  structure  brings  the  nitrogen  and  carbonyl  derivatives 
very  close  together  and  allows  an  efficient  0-»N  acyl  transfer  to  give  the  final 
peptide  bond.  The  technique  occurs  in  aqueous  solution  and  requires  no  protecting 
groups.  All  of  these  methods  have  utilized  solid  phase  synthesis  and  all  have  been 
demonstrated  on  large  peptides  or  small  proteins. 

Other  very  important  areas  that  we  will  hear  about  at  this  symposium  include 
synthetic  vaccines,  de  novo  design  of  active  proteins,  protein-nucleic  acid  hybrids  and 
peptide  libraries.  I  believe  we  can  look  forward  to  an  exciting  week. 
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Introduction 

Many  types  of  calcium  channels  exist  in  mammalian  brains,  but  high-affinity 
blockers  are  available  only  for  L-  and  N-types.  The  venom  of  the  funnel  web  spider 
Agelenopsis  aperta  contains  various  toxins  that  have  been  shown  to  inhi’  calcium 
channels.  Among  them  is  the  recently  isolated  o>-agatoxin  IVA,  a  ne  /  channel 
blocker  that  inhibits  both  calcium  entry  into  rat  brain  synaptosomes  and  P-type 
calcium  channels  in  rat  Purkinje  neurons  [1].  This  peptidyl  toxin  has  also  been 
shown  to  inhibit  glutamate  release  from  rat  synaptosomes,  suggesting  that  glutamate 
release  is  coupled  to  P-type  calcium  channels  [2].  The  primary  structure  of  m- 
agatoxin  IVA  was  determined  to  be  a  4&-amino  acid  peptide  containing  eight  cysteine 
residues. 

Lys-Lys-Lys-Cys-Ile-Ala-Lys-Asp-Tyr-Gly-Aig-Cys-Lys-Tip-Gly-Gly-Thr-Pro-Cys- 

Cys-Arg-Gly-Arg-Gly-Cys-De-Cys-Sa-'Ile-Met-Gly-Thr-Asn-Cys-Glu-Cys-Lys-Pro- 

■'jg-Leu-Ile-Met-Glu-Gly-Leu-Gty-Leu-Ala 

In  the  present  study,  we  report  the  synthesis  of  to-agatoxin  IVA  and  the 
assignment  of  four  intramolecularly  linked  disulfide  bonds  by  a  combination  of 
Edman  degradation  and  mass  spectra  measurement  of  enzymatic  digests. 

Results  and  Discussion 

The  synthesis  was  carried  out  by  the  solution  procedure  applying  our  maximum 
protection  strategy  [3].  The  fully  protected  peptide  was  assembled  from  six  segments 
as  shown  in  Figure  1.  All  of  the  side-chain  functional  groups  were  protected  by 
benzyl-type  protecting  groups  except  for  Cys  and  Trp  residues  which  were  protected 
by  Acm  and  For  groups,  respectively.  Every  segment  was  synthesized  in  the  form  of 
Boc-peptide-OPac  except  for  the  C-terminal  segment  which  was  protected  by  benzyl 
ester  instead  of  Pac  ester.  Removal  of  Pac  ester  was  carried  out  by  treatment  with 
zinc  powder  in  AcOH.  However,  due  to  a  solubility  problem,  in  the  cases  of  segment 
I,  IV  and  V,  a  mixture  of  dkhloromethane  and  trifluoroethanol  (TFE)  in  a  ratio  of  3:1 
(v/v)  was  used  as  the  solvent  [41.  The  peptide  dissolved  easily  in  this  solvent 
system,  and  removal  of  the  Pac  ester  by  zinc  powder  proceeded  smoothly  at  35*C 
within  1  hr  after  diluting  with  AcOH.  Each  segment  thus  obtained  was  coupled  from 
the  C-terminal  segment  using  water-soluble  carbodiimide  (WSCI)  in  the  presence  of 
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HOBt  or  HOOBt.  The  final  two  coupling  reactions  were  carried  out  by  the 
WSCI/HOOBt  method  using  a  mixture  of  CHC13  and  TFE  (3:1,  v/v)  as  solvents  [4]. 


CJZCtZaZAa*  aZdhBrZ  c 


Fig.  1.  Synthesis  of  the  protected  peptide,  a;  TFA,  b:  Zn/AcOH,  c:  Zn/DCM-TFE-AcOH,  d: 
WSCI/HOBt,  e:  WSCUHOOBt,  f:  WSCUHOOBt  in  CHCI3  TFE  (3:1). 

The  fully  protected  peptide  thus  obtained  was  treated  with  trifluoroacetic  acid  to 
remove  the  amino  terminal  Boc  group  and  then  treated  with  HF  in  the  presence  of 
anisole  (9:1)  at  -5‘C  for  1  hr  to  remove  all  of  the  protecting  groups  except  the  Acm 
and  For  groups.  After  evaporating  HF  and  anisole,  the  peptide  was  treated  again  with 
HF  in  the  presence  of  bu tan edi thiol  (HF:butanedithiol  =  7:3)  at  -5"C  for  30  min  to 
remove  the  remaining  For  group  [5].  The  crude  product  thus  obtained  was  purified 
by  CM-cellulose  chromatography  followed  by  RP-HPLC.  The  purified  hexa-Acm 
peptide  was  treated  with  Hg(OAc)2  (1.1  eq  for  1  Acm  group)  in  5%  AcOH  for  2  hr  to 
remove  all  of  the  Acm  groups.  Hg  ions  were  removed  completely  by  adding  P- 
mercaptoethanol  followed  by  gel  filtration  on  Sephadex  G-25  and  RP-HFLC, 
successively.  During  the  cleavage  reaction  of  the  Acm  groups  by  Hg(OAc)2,  we 
found  side  products  in  which  the  Tip  residue  had  been  alkylated  by  mercaptoethanol 
when  a  large  amount  of  Hg(OAc)2  (5  eq  for  1  Acm  group)  was  used.  Details  of  this 
side  reaction  will  be  reported  elsewhere.  To  fold  and  oxidize  the  peptide,  the  octa- 
sulfhydryl  peptide  was  stirred  in  0.2  M  NH4OAC  (pH  7.8)  at  a  peptide  concentration 
of  1  x  10* 5  M  in  the  presence  of  reduced  and  oxidized  glutathione 
(peptide :GSH :GSSG  ■  1:100:10)  at  4’C  for  1  day.  The  principal  product  was 
isolated  to  homogeneity  by  RP-HPLC  followed  by  ion-exchange  HPLC.  The 
homogeneity  of  the  final  product  was  confirmed  by  RP-  and  IEX-HPLC  as  well  as  by 
capillary  zone  electrophoresis  (CZE)  (Figure  2).  The  results  of  amino  acid  analysis 
after  acid  hydrolysis  agreed  well  with  die  expected  values.  The  molecular  weight  of 
die  product,  [M+H]  -  3202.7,  obtained  by  plasma  desorption  mass  spectrometry, 
agreed  with  the  calculated  value  (5203.3).  The  inhibitory  activity  by  the  final 
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product  of  the  high-threshold  current  in  rat  Purkiaje  neuron  wm  measured  and  found 
to  haw  the  same  activity  as  that  reported  for  the  aatural  product  (1). 


....  ■ — —  ,■  - - - 

4  8  12  16  (min) 

Fig.  2.  CZE  of  the  final  product.  Column :  Uncoated  Fused  Silica  (50  pm  x  72  cm);  30'C; 
22  kv  Buffer:  20  mM  Citrate  (pH  2.5);  Absorbance:  200  nm. 

In  order  to  determine  the  disulfide  structure  of  synthetic  cn-agaioxin  IV A,  the 
product  was  treated  successively  with  thermolysin,  V8  protease  and  proline  specific 
endopeptidase.  Peaks  containing  cystine  peptides  obtained  in  each  enzymatic 
hydrolysis  were  isolated,  and  their  structures  were  detemined  by  amino  acid  analysis, 
mass  spectrometry  measurement  and  gas-phase  protein  sequence  analysis.  From 
these  analytical  data,  we  determined  the  disulfide  structure  as  shown  below. 
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Iatrodactioa 

Convergent  solid  phase  synthesis  [1]  has  been  defined  as  the  approach  in  which 
a  peptide  fragment  is  synthesized  on  a  solid  support,  cleaved  fully  protected  from  the 
support  and,  after  purification  and  characterization,  is  coupled  to  another  fragment 
anchored  to  a  polymeric  support  The  use  of  this  strategy  for  the  preparation  of  a 
long  peptide  chain  should  give  a  product  of  higher  quality  as  compared  to  stepwise 
synthesis.  One  would  indeed  avoid  the  accumulation  of  deletion  and  truncated 
sequences  which  are  the  origin  of  the  "broad  foot"  very  often  observed  in  the  HPLC 
profiles  of  crude  products  prepared  by  a  stepwise  approach. 

Beta  amyloid  protein  (1*40)  I  is  die  main  component  of  the  extracellular 
deposit  found  in  the  cerebral  cortex  of  patients  suffering  from  Alzheimer's  disease  [2], 

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAHGLMVGGW  I 

A  convergent  solid  phase  synthesis  of  the  elongated  beta  amyloid  (1-42)  has 
been  described  [3].  We  have  chosen  to  compere  different  approaches  in  order  to 
design  the  most  efficient  way  to  prepare  large  quantities  of  high  quality  beta  amyloid 
(1^»0)- 

Results  and  Discussion 

A  first  stepwise  synthesis  (Fmoc/tBu  strategy,  TBTU/DIPEA  coupling)  gave 
unsatisfactory  results.  Nearly  20  out  of  the  40  amino  acids  required  a  double 
coupling;  in  addition,  the  crude  product  cleaved  from  the  resin  contained  a  high 
proportion  of  peptide  oxidized  at  die  Met  residue.  This  led  us  to  undertake  the 
preparation  of  the  title  compound  following  the  above  mentioned  principles  of 
convergent  solid  phase  synthesis.  Fragments  II  to  IV  were  chosen  with  C-tenninal 
Gly  to  exclude  any  risk  of  racemization  during  coupling;  the  C-tenninal  fragment  V 
was  assembled  on  p-alkoxybenzylalcohol  resin.  For  the  preparation  of  the  fragments 
D  to  IV  we  used  the  super  acid  labile  Sasrin  resin  winch  allows  the  cleavage  of  frilly 
protected  fragments  by  1%  TFA  in  methylene  chloride  [4]. 

Met  was  introduced  as  its  sulfoxide  to  avoid  any  complication  due  to  oxidation. 
The  results  of  these  syntheses  are  given  in  Table  1. 
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Table  1  Synthesis  of  the  protected  fragment j* 


Fmnc-n.qinH  H  Yield:  80%  -  Purity  (HPLC):  85% 

Fmoc-Asp(OtBu)-Al»<3iu(OtBu)-l,he-Arg(Pmc)-Hu(Tit>-Asp(OtBu)-Ser(tBu)-Gly- 

OH 

fimoc-f  1Q-25VQH  HI  Yield:  88%  -  Purity  (HPLC):  75% 

Fmoc-Tyr(tBu)-Glu(OtBu)-Val-His(Trt)-His(Trt)-Gln(Mtt)-Lys(Boc)-Leu-Val-Phe- 

Phe-Ala-Glu(OtBu)-Asp(OtBu)-Va]-Gly-OH 

Fmoc-f26-33VOH  IV  Yield:  90%  -  Purity  (HPLC):  90% 
Fmoc-Se»(tBu)-Asn(Mtt)-Lys(Boc)-CHy-Ala-Ile-Ile-Gly-OH 

Pmoc-( 34-40 WWany  resin  V  Purity  (HPLC):  90% 
Fmoc-Leu-Met(0)-Val-Gly-Gly-Val-Val-Wang  resin 


•Purity  has  been  determined  after  TFA  cleavage.  FAB-MS  was  used  to  confirm  the  structure 
of  the  fragments. 

The  coupling  of  fragment  IV  to  peptide  resin  V,  after  the  cleavage  of  the  Fmoc 
group,  was  mediated  by  TBTU/DIPEA  and  afforded  H-[26-40](O)-Wang  VI  after 
piperidine  treatment.  The  poor  solubility  of  fragment  m  was  at  the  origin  of  the 
problems  encountered  in  its  coupling  to  VI.  Different  attempts  were  made  using 
various  combinations  of  solvents,  temperature  and  prolonged  reaction  time;  it  was 
nearly  impossible  to  bring  the  reaction  to  completion  and  the  best  incorporation  (still 
less  than  50%)  used  a  5  -  7  fold  excess  of  fragment  HI.  Finally  Fmoc- [10-40]  (O)- 
Wang  was  assembled  by  stepwise  elongation  (TBTU/DIPEA  as  coupling  agent) 
starting  from  VI. 

The  coupling  of  II  to  H-[  10-40](O)-Wang  VII  was  mediated  by  TBTU/DIPEA 
and  gave  the  expected  Fmoc-[l-40](O)-Wang  VIII.  When  this  coupling  was 
performed  with  a  Wang  resin  having  a  high  level  of  substitution  (0.6  mmoles/g),  it 
was  necessary  to  make  a  double  coupling  of  D  and  one  had  to  use  a  2-3  fold  excess 
of  the  fragment  whereas  a  low  substitution  of  the  resin  (0.15  mmoles/g)  allowed 
complete  acylation  with  a  single  coupling  and  the  use  of  only  a  1.2  - 1.5  fold  excess 
of  the  acylating  component. 

Finally,  the  Fmoc  group  was  removed  from  VIII  and  the  peptide  was  cleaved 
from  the  resin  by  TFA:H,0:EDT  (85:5:10).  The  peptide  was  then  purified  by 
preparative  HPLC  (RP  Cls-triethylammonium  phosphate  buffo'  at  pH  7.5  with  an 
acetonitrile  gradient;  desalting  with  0.1%  TFA-acetonitrile  gradient).  The  fractions 
were  pooled  to  provide  a  product  of  a  purity  of  approximately  80-85%.  Met(O)  was 
finally  reduced  to  Met  using  the  conditions  described  by  Tam  [5] 
(TFMSA:TFA:DMS  (1:6:3))  and  the  obtained  product,  namely  the  title  compound  I, 
was  further  purified  to  provide  a  product  of  a  purity  greater  than  95%  in  2  different 
HPLC  solvent  systems.  Electrospray  mass  spectrometry  and  amino  acid  analysis 
confirmed  the  structure.  However,  the  yield  of  the  last  two  steps  (reduction- 
purification)  was  much  too  low  (10-15%)  to  make  the  synthesis  efficient  and  we 
therefore  repeated  it  with  a  0.2  mmoles/g  Wang  resin,  and  Met  instead  of  Met(O), 
without  encountering  special  problems.  This  pathway  produced  a  crude  I  showing  an 
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acceptable  level  of  purity  (43-50%),  and  the  purification  gave  a  product  with  a  high 
degree  of  purity  (greater  than  97%)  in  amounts  of  several  hundred  milligrams. 

We  have  also  explored  the  possibility  offered  by  the  combination  synthesis  [6], 

i.e.  coupling  in  solution  of  the  fragments  prepared  by  solid  phase.  The  C -terminal 
fragment  H-(34-40)-OtB  u  was  synthesized  in  solution  and  die  peptide  was  assembled 
as  in  the  convergent  approach.  It  must  be  noted  that  the  coupling  of  the  fragment 
Fmoc-(10-25)-OH  proceeded  under  normal  conditions,  although  the  reaction  medium 
was  more  a  gel  than  a  solution,  whereas  coupling  of  the  same  fragment  onto  resin 
proved  unsuccessful.  The  results  of  the  combination  synthesis  were  comparable  to 
the  ones  obtained  from  the  convergent  synthesis  both  in  terms  of  yield  mid  quality. 
However,  due  to  the  poor  solubility  of  the  intermediates,  we  could  not  make  use  of 
die  advantages  of  the  combination  approach,  i.e.  to  purity  the  intermediates. 

Convergent  solid  phase  synthesis  is  a  valuable  approach  for  the  preparation  of 
long  and  complex  peptides.  We  could  demonstrate  that  in  the  case  of  fragment 
coupling  onto  solid  support,  the  level  of  substitution  of  the  resin  is  an  important 
parameter  influencing  the  quality  of  the  reaction  product,  and  also  die  economy  of  the 
synthesis.  We  have  also  shown  that  coupling  of  identical  fragments  may  proceed 
differently  in  solution  and  on  solid  support.  For  the  preparation  of  the  title 
compound,  a  combination  of  stepwise  synthesis  and  of  fragment  couplings  provided 
the  best  approach.  Similar  results  were  obtained  from  a  more  laborious  combination 
approach. 
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Introduction 

The  finding,  that  conformational  effects  of  the  growing  peptide  chain  play  a 
crucial  role  in  peptide  synthesis  [1]  has  stimulated  extensive  research  on  this  subject 
over  the  past  years.  The  formation  of  secondary  structures,  in  particular  P-sheet 
conformations,  has  been  shown  to  reduce  the  solvation  of  the  peptide  chain  resulting 
in  a  decrease  of  the  reaction  kinetics  and  in  the  solubility  [2].  In  order  to  overcome 
some  of  these  limitations,  the  reversible  modification  of  the  backbone  for  disrupting 
ordered  conformations  has  recently  been  suggested  [3].  To  this  end,  we  have 
introduced  oxazolidines  (Ox)  and  thiazolidines  (Th)  as  protection  techniques  for  Ser, 
Thr  and  Cys  [3a].  Due  to  their  structural  similarity  to  proline,  these  readily 
accessible  derivatives  ('pseudo-pralines')  may  act  as  solubilizing,  secondary  structure 
disrupting  building  blocks  in  peptide  synthesis  (Figure  1). 

Results  and  Discussion 

Pseudo-prolines  (Ser(Ox)];  [Cys(Th)]  are  prepared  via  side  chain  cyclization  of 
Ser  or  Cys  according  to  established  procedures  [4],  For  their  use  in  SPPS,  the 
corresponding  di peptide  derivatives  are  prepared  as  depicted  in  Fig  1.  The  chemical 
stability  of  the  ring  systems  strongly  depends  on  the  substituent  in  position  C2  of 
the  heterocycle,  allowing  for  a  variable  combination  with  commonly  applied 
protection  schemes  (Table  1).  For  example,  SeifOx)  and  Cys(Th)  are  stable  towards 
base  and  nucleophiles,  but  can  be  cleaved  by  10-100%  TFA,  depending  on  the 
substituent  at  C2.  Conformational  energy  calculations  and  NOE  studies  of  model 
dipeptides  of  the  type  Ac-Xaa-Ser(Ox)-NHCH3  reveal  the  preference  of  a  cis  amide 
bond  in  the  presence  of  bulky  substituents  at  C2. 
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Fig.  1.  Synthesis  and  incorporation  of  a  Cys(Th )  into  a  peptide  backbone  and  effect 
upon  the  conformational  properties  of  the  host  peptide  before  and  after  ring  opening. 

When  incorporated  in  switch-peptides  [S]  which  show  medium-dependent 
transitions  from  o-heiical  (pH  1 1)  to  {i- sheet  (pH  4)  conformations,  the  peptide  (X= 
Cys(Th))  no  longer  adopts  an  ordered  conformation  as  shown  by  the  CD  spectra 
(Figure  2).  Most  notably,  the  'enforcement'  of  a  flexible  random-coil  conformation 
in  pseudo-proline  containing  peptides  is  paralleled  by  a  significant  increase  in 
solvation,  solubility  and  reaction  kinetics.  The  protected  Cys(Th)  containing  peptide 
could  be  condensed  to  a  topological  template  [6]  resulting  in  a  template-assembled 
synthetic  protein  (TASP).  This  opens  new  ways  for  the  construction  of  large 
peptides  and  in  protein  de  novo  design  [6]. 


Table  1  Synthetic  strategies  for  pseudo  -  proline  containing  peptides 
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185  195  205  215  225  235  245 

X  [ran] 


Fig.  2.  CD  spectra  of  switch  -  peptide  (5)  AcEAALKAXLELAAKLAA-  NH2  at  pH  4  (X* 
Cys  (Th)  X  =  Cys-  o-)andpH  11  (X=  CysfTh)  -  e  X  =  Cys  -0-). 
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Introduction 

Peptide  conformation  and  poor  solubilization  of  the  growing  peptide  chain  are 
the  main  reason  for  incomplete  acylation  and  deprotection  reactions.  There  are 
several  methods  available  to  predict  such  difficulties  [1,2],  however,  unexpected 
sequence  dependent  difficulties  still  appear  during  synthesis.  Several  approaches  are 
described  to  avoid  peptide  conformations  which  may  hinder  synthesis,  such  as 
chaotropic  salts,  solvent  mixtures  or  new  amino  acid  derivatives  which  modify  the 
peptide  backbone  [3, 4],  Based  on  monosized  grafted  microspheres  we  have  developed 
a  method  where  the  peptide  is  screened  by  a  preview  synthesis  within  a  rather  short 
time  to  recognize  such  problematic  regions.  To  overcome  the  conformation 
dependent  kinetic  hindrance  we  investigated  the  influence  of  solvent  systems, 
activation  methods  and  structure  destroying  reagents.  It  turned  out  that  surfactants  in 
combination  with  solvent  mixtures  are  the  most  potent  systems  and  in  general  useful 
for  preventing  peptide  conformations  during  synthesis. 

Results  and  Discussion 

Beside  resin  parameters  like  polarity,  particle  size  and  solvation,  mass  transport 
and  diffusion  ate  of  prime  importance  in  all  polymer  supported  reactions  [3].  The 
driving  force  for  mass  transport  is  diffusion  and  diffusion  is  dependent  on  path  length. 
Normally  solid  supports  show  a  particle  size  distribution  and  therefore  for  each  bead 
exists  an  individual  diffusion  time  whereas  the  largest  one  controls  the  overall 
reaction  rate.  To  overcome  these  problems  we  have  developed  monosized  25  pm 
beads  of  our  polystyrene  polyethyleneglycol  graft  copolymer  [6, 7]. 

r2  ?  O  9 

CH  -0AMr  10-CH,-CHjln-  0 -CH, *  CHj -  NH  -  C  "0^2  "  ®  -AA-fmoc 

Fig.  1.  Scheme  of  the  graft  copolymer  TentaGel  Trt  AA  Fmoc 

To  a  low  crosslinked  PS-matrix,  PEG  is  grafted  by  an  anionic  graft 
copolymerization.  The  reactive  sites  which  are  located  at  the  end  of  the  PEG-spacers 
behave  kinetically  like  in  solution.  The  monosized  nature  of  the  beads  divides  the 


W.E.  Rapp  and  E.  Bayer 


Synthetic  Methods 


total  reaction  space  (represented  by  all  beads)  into  exactly  the  same  small  reaction 
compartments.  The  monosized  nature  and  the  uniform  architecture  of  the  beads  allow 
optimization  of  the  reaction  conditions  to  a  great  extent  because  of  identical  reaction 
conditions  for  each  individual  bead.  In  contrast  to  90  pm  particles  where  the  release 
of  the  Fmoc  group  and  the  wash  out  was  finished  within  2.5  min,  the  time  could  be 
reduced  to  80  sec  by  using  25  pm  particles  at  45°C.  This  time  corresponds  to  the 
kinetic  rate  of  the  Fmoc  deprotection.  There  is  no  longer  any  influence  of  the  mass 
transport  to  the  overall  reaction  rate. 

For  peptide  synthesis  the  following  conditions  were  used:  ABI  431  A 
synthesizer  (200  mg  resin,  180  sec  acylation,  2x2.5  min  Fmoc  deprotection)  and 
MilliGen  9050/synthesizer  (200  mg  resin,  180  sec  acylation,  120  sec.  Fmoc 
deprotection,  60  sec  washout,  45°C,  total  cycle  time:  7  min  37  sec).  The  starting 
Fmoc  amino  acid  is  attached  to  the  tentacle  polymer  via  an  new  trityl  linkage  (Figure 
1).  Cleavage  of  the  peptide  could  be  performed  by  either  50%  acetic  acid  in  CH2CI2 
to  get  the  completely  protected  peptide  or  with  TFA  to  get  the  free  peptide. 
Applying  said  conditions  the  C-terminal  sequence 
KAKAAPKKAPKSPAKAKAVKPKAA  of  the  histone  Hlb  (174  -  198)  was 
synthesized  within  3h  10  min  in  90%  purity  using  Fmoc  protected  N  -  carboxy- 
anhydride  amino  acids  (Fmoc  NCA).  This  indicates  the  success  of  this  method. 

We  have  then  screened  the  complete  C-terminus  of  the  histone  Hlc  (176-220, 
KVKTPQPKKAAKSPAKAKAPKPKAAKPKSGKPKVTKAKKAAPKKJO.  The 
preview  synthesis  of  this  45  mer  was  completed  within  7h  15  min.  We  recognized 
breakdowns  for  the  coupling  efficiency  and  Fmoc  deprotection  in  the  regions  209-205 
and  176-183.  This  phenomenon  is  caused  by  bad  solvation  or  any  kind  of  peptide 
conformations  on  the  resin.  This  finding  was  very  unexpected  because  up  to  now  the 
C-terminal  sequences  of  the  histones  are  known  to  be  random.  For  further 
investigations  and  synthesis  optimizations  the  Hlc  sequence  176-220  was  cut  into 
two  overlapping  sequences: 

176-200:  KVKTPOPKKAAKSPAKAKAPKPKAA 

196-220:  KPKAAKPKSGKPKVTKAKKAAPKKK 

The  most  dramatic  decrease  in  die  Fmoc  deprotection  yield  was  recognized  for  K 
206:  54%  by  TBTU  activation  and  57%  with  Fmoc  NCA's  (Figure  2).  IR 
investigations  of  the  resin  bound  peptide  (196-220)  show  shifts  for  the  amide  I  and  n 
bands  vhich  indicates  P-sheet  and  helical  conformations.  Therefore  it  is  very 
understandable  that  a  change  in  the  activation  method  results  in  a  negligible  change 
in  yield  because  the  reactive  sites  are  not  accessible.  To  overcome  this  problem  we 
changed  the  solvent  system  from  DMF  to  a  mixture  of  DMF/NMP/CH2C12 
containing  1%  Triton,  an  nonionic  surfactant  The  yield  increased  to  69%  and  with 
prolonged  coupling  in  the  region  206-209  to  86%.  Due  to  the  surfactant  properties 
of  Triton  the  peptide  conformations  on  the  resin  are  destroyed.  Bayer  et  aL  reported 
that  ethylene  carbonate  achieves  in  some  cases  complete  coupling  [8].  We  created  a 
"magic  mixture":  DMF/NMP/CH2C12,  1%  Triton  and  1 ,5-2,5  molar  ethylene 
carbonate.  The  total  coupling  and  deprotection  yield  for  K  206  rose  to  93%  and  we 
obtained  the  crude  peptide  with  90%  purity.  This  effect  of  the  "magic  mixture"  was 
confirmed  by  the  very  successful  syntheses  of  several  other  difficult  sequences. 
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KPKAAKPKSGj  KPKV  TKAKKAAPKKK 


TBTU  NCA  TBTU  TVTVJ  TBTVI 

DMF  OMF  OMFMIPOCM  DMFMMPfDCM  -magic  tun' 

Triton  Triton 

aaandad  causing 

Fig.  2.  Influence  of  solvents,  activation  method  and  conformation  avoiding  reagents  to 
the  coupling  yield. 

CD  investigations  of  both,  the  free  peptide  and  the  completely  protected  peptide 
confirmed  the  presence  of  suspected  peptide  conformations:  each  peptide  contained 
helical  structures.  These  results  encouraged  us  to  synthesize  the  complete  Hlc 
sequence  176-220  again  applying  such  optimized  conditions.  Figure  3  shows  the 
HPLC  and  ion  spray  ms  of  the  crude  completely  protected  peptide.  Due  to  the  still 
incomplete  coupling  of  K  206  we  find  the  deletion  peptide  -Lys(Boc)  at  171 1 .5  [M  + 
4H]4*  and  a  second  failure  sequence  where  the  dipeptide  Lys(Boc)  Ala  at  1693  [M  + 
4H4*  is  deleted. 
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Preview  synthesis  on  grafted  microspheres  allow  very  effective  screening  of  a 
peptide  synthesis  within  shortest  time.  Peptide  conformations  on  the  resin  are 
recognized  and  confirmed  by  solid  state  IR  of  the  resin  attached  peptide.  CD 
investigations  of  the  free  peptides  (completely  protected  and  unprotected)  show  helical 
structures  and  confirm  the  IR  data.  The  use  of  a  "magic  mixture"  could  avoid  peptide 
conformations  during  synthesis  and  even  long  peptides  with  difficult  regions  in  the 
sequence  can  be  synthesized  very  successfully. 
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Introduction 

Intramolecular  disulfide  bonds  are  an  attractive  means  of  imposing 
conformational  constraints  in  structure/activity  studies  of  peptides.  Air  oxidation  in 
aqueous  solution  (pH  -  8)  is  a  straightforward  protocol,  but  suffers  in  that  steric 
factors  and/or  hydrophobic  aggregation  may  hinder  thiol  interaction,  increase  reaction 
times  and  promote  intermolecular  disulfides.  Also,  peptides  with  pi  values  close  to 
that  of  the  oxidation  medium  may  precipitate  before  oxidation  occurs.  Oxidation  in 
guanidine  hydrochloride  (GuHCl)  solution  was  found  to  overcome  these  problems  and 
to  accelerate  intramolecular  disulfide  formation  in  all  peptides  examined.  Although 
urea  is  frequently  used  in  protein  denafuration  studies,  GuHCl  is  a  more  potent 
denaturant  at  equal  concentrations  [1].  As  well,  aqueous  urea  generates  cyanate  ion 
which  is  capable  of  irreversibly  modifying  thiol  and  amino  groups  [2]. 

Results  and  Discussion 

Thiol  forms  of  the  peptides  (Table  1)  were  initially  soluble  in  AcOH  or 
DMSO,  but  quickly  precipitated  upon  dilution  with  water.  Other  peptides  with  pi 
values  of  8.3  precipitated  once  the  aqueous  AcOH  or  DMSO  solution  was  adjusted  to 
pH  8.5.  HPLC  of  the  redissolved  precipitates  revealed  a  number  of  covalent 
products.  Presumably,  peptide  aggregation  resulted  in  intermolecular  disulfide 
formation  giving  polymeric  products.  Yield  and  purity  were  dramatically  improved 
by  air  oxidation  in  a  GuHCl  solution.  Typically,  peptide  was  dissolved  to  a  final 
concentration  of  1  mM  in  2  to  8  M  GuHCl,  0.2  M  TrisHCl,  pH  8.5  aqueous  buffer 
and  stirred  vigorously  with  air.  Progress  was  monitored  by  RP  HPLC.  Large 
volume  solutions  were  desalted  by  dialysis  or  by  ultrafiltration  prior  to  Iyophilization 
and  preparative  scale  HPLC  purification.  Smaller  oxidation  solutions  (<10  mL)  woe 
not  desalted  prior  to  HPLC  purification.  Peptides  remained  in  solution  throughout 
the  oxidation  which  proceeded  more  quickly  than  in  other  conditions  (Table  2),  and 
very  little  dimerization  or  polymerization  was  observed. 

DMSO  has  been  advocated  as  a  mild  oxidant  for  the  formation  of  disulfide 
bonds  over  a  wide  pH  range  [3,  4].  Two  test  peptides  (Table  2)  were  oxidized 
approximately  twice  as  quickly  in  buffered  GuHCl  solution  as  in  20  or  80%  DMSO 
solutions.  Oxidation  rates  were  not  proportional  to  DMSO  concentration, 
suggesting  that  its  ability  to  catalyze  disulfide  bond  formation  is  not  solely  governed 
by  its  oxidizing  property  but  also  by  its  solvating  or  denaturing  properties  [4, 5]. 
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Tabic  1  trdramoUcular  disulfide  formation  by  air  oxidation  in  8M  GuHCl 


Peptide 

Cak'd 

I* 

Oxidation 
yield  (%) 

Purified 
yield  (%) 

Ac-CASPVSIEVKFNKPRSFC 

8.3 

95 

79 

Ac-CAIPV  SIEVKFNKPRSFC 

8.3 

97 

67 

Ac-CGSPVTLDLRYNRTRSFC 

8.3 

95 

80 

Ac-CAIPVSffiVKFNKPFSFC 

6.2 

90 

45 

Ac-CAIPVSIPPEVKFNKPFSFC 

6.2 

97 

64 

Table  2  Half-times  of  intramolecular  disulfide  formation  in  various  medic? 

tI/2  (hr.) 

ti/2  (hr.) 

Air  Oxidation  Media 

Peptide  A 

Peptide  B 

0.2M  TrisHCl,  pH  8.5 

9.3 

insoluble 

8M  GuHCl,  0.2M  TrisHCl,  pH  8.5 

3.0 

0.8 

20%  DMSO 

5.2 

5.3 

80%  DMSO 

20 

1.7 

•  Peptide  A  a  Ac-CAAIPVSIC,  peptide  B  =  Ac-CASPVSDEVKFNKPRSFC 


GuHCl  was  shown  to  assist  in  the  mild  oxidation  of  cysteine-containing 
peptides  by  overcoming  limitations  in  solubility  and  conformation al  flexibility  to 
cleanly  yield  intramolecular  disulfide  bonds.  This  protocol  is  especially  efficient  for 
hydrophobic  or  neutrally  charged  peptides. 
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Introduction 

Proteolytic  enzymes  can  catalyze  racemization-ffee  condensations  of  peptide 
segments  with  unprotected  side  chains  [1].  Larger  polypeptides  invariably  contain 
multiple  proteolytic  sites  and  thus  would  appear  to  be  practically  inaccessible  by  this 
approach.  This  obstacle  can,  however,  be  kinetically  circumvented.  By  use  of 
certain  acyl-esters,  enzymatic  synthesis  is  accelerated  many-fold  over  competing 
proteolyses  [2,  3],  This  principle  is  illustrated  by  the  recent  semisynthesis  of  a 
superpotent  analog  of  the  human  growth  hormone-releasing  factor  [desNH2Tyr',D- 
Ala2,Alal5]-GRF(  l-29)-NH2  by  a  V8  protease  catalyzed  3+26  segment  condensation 
[3].  The  use  of  a  "highly  activated"  benzyl  ester  of  the  acyl-donor  segment  permitted 
enzymatic  synthesis  of  Asp3-Ala4  to  proceed  100-fold  faster  than  competing 
proteolyses  at  Asp3-Ala4  and  Asp^-De26. 

This  report  describes  a  solid-phase/enzymatic  synthesis  of  the  parent  hormone 
GRF(l-44)-NH2  employing  a  33+11  segment  condensation  catalyzed  by  the 
Glu/Asp-specific  endopeptidase  (GSE)  from  B.  licheniformis  [4],  This  synthesis 
involves  competing  proteolyses  at  Glu33-SerJ4,  Glu37-Arg38,  Asp3-Ala4,  and  Asp25- 
He26,  and  is  thus  a  simple  test  of  the  general  synthetic  scheme  (Figure  1). 


nhH  k  | 

Rnoc-WH - T . ~>Q»a-OB«l  |  [GSE] 

^  piperidine 

NB,4 . 1  — KBa-NH-T  A  I 

Fnoc-NiH  C  KBa-OBil  |  [GSE] 

Fig.  1.  Scheme  for  successive  GSE  catalyzed  condensations  of  peptide  segments. 
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Fig.  2.  GSE  catalyzed  condensation  of  GRF( 34-44). NH2  (J)  (317  mg  mLr1,  185  mU)  and 
Fmoc-GRF(l-33)-OBzl  (2)  (382  mg  mL1.  67.6  mM)  to  produce  Fmoc-GRF(l-44)-NH2  (3) 
in  60%  v/v  DMF,  pH  8.8,  22° C  (37.5  pg  mL'1  enzyme):  (a)  time-course  of  the 
aminolysis/hydrolysis  of  2;  RPHPLC  of  the  reaction  mixture  (b)  immediately  before 
adding  enzyme,  (c)  at  192  min  and  (d)  after  deprotection.  Other  labels  are  Fmoc-GRF(  1- 
33)-OH  (4),  GRF(l-44)-NH2  (5),  BzlOH  (6),  GRF(l-33)-OH  (7),  GRF(l-33)-OBzl  (8), 
GRF(38-44)-NH2  (9),  GRF(34-37)-(34-44)-NH2  (10),  piperidine  (11).  and  Fmoc- 
piperidine  (12) l  RPHPLC:  Waters  pBondapak  Cw  0  to  54%  CHfCN/Hfi  (0.025%  TFA) 
in  15  min.  Reaction:  Dissolved  i*  4TFA  (11.4  mg,  6.7  pmol)  and  2»  5TFA  (13.8  mg,  2.9 
pmol)  in  21.7  pL  DMF,  added  3.3  pL  of  3.0  M  NfCHjCHjOH),  titrated  to  pH  8.8  with  5  M 
NaOH  (5.0  fiL),  and  added  1.0  pL  of  1.35  mg  ml  *  GSE.  Aliquots  (4.0  pL  total)  were 
removed  for  RPHPLC  monitoring  and  die  reaction  was  stopped  (192  mm)  by  adding  acetic 
acid  and  tyophilizing.  The  residue  was  deprotected  in  30%  v/v  piperidine/DMF  at  22°  C 
for  60  min  and  lyophUized.  After  RPHPLC  purification,  5*  9TFA  (5.3  mg,  33%)  was 
characterized  by  RPHPLC,  tryptic  mapping,  AAA,  FABMS  ( MH*  calc  5040.7;  found 
5039.5),  and  showed  full  potency  man  in  vitro  rat  pituitary  cell  bioassay. 

Remits  nd  Dbcsnloi 

Suitable  N-protected  polypeptide  benzyl  esters  can  be  readily  prepared  by 
existing  FroocABu  solid-phase  methods.  Fmoc-Ghi(OH)-QBzl  was  attached  to  4- 
alkoxybenzyl  alcohol  (Wang)  resin  and  automated  synthesis  performed  on  an  ABI 
431 A  (FastMoc™  protocol  [3]).  Final  deprotection/cleavage  with  TFA  and 
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RPHPLC  purification  afforded  Fmoc-GRF(  1  -33)-OBzl  (2).  The  amino-donor 
GRF(34-44)-NH2(l)  was  also  prepared  by  this  route  starting  with  4-(2,4'- 
dimethoxyphenyl-Fmoc-aminc»nethyl)phenoxyacetyl-benzhy(irylamine  (Fmoc-Knorr- 
BHA)  resin.  Peptides  1  and  2  were  characterized  by  AAA  and  FABMS. 

The  GSE  is  a  serine  protease  with  substrate  specificity  and  specific  activity 
comparable  to  those  of  die  V8  protease.  The  GSE  used  in  this  study  (71  mg,  270  U 
mgr1)  was  purified  from  a  23  mL  portion  of  the  detergent  Alcalase™  (Novo  Indus tri 
A/S,  Denmark)  essentially  as  described  [4]  and  assayed  against  Boc-Glu(OH)-OPh  (1 
U  =  1  pmol  min'1  at  pH  7.8,  20°C).  V8  protease  (Sigma)  was  inactive  under 
reaction  conditions  identical  to  those  used  for  GSE  (Figure  2). 

In  the  synthesis  of  GRF(l-44)-NH2  (Figure  2),  the  enzyme  is  rapidly  acylated 
by  the  ester  2  and  then  deacylated  by  the  competing  nucleophiles,  1  and  water.  This 
kinetically  controlled  method  [1]  relies  on  a  rapid  nonequilibrium  "burst"  of  product. 
For  preparative  purposes,  the  reaction  is  halted  at  the  point  of  maximum  yield 
beyond  which  the  enzyme  will  merely  degrade  the  newly  formed  bond  ("back- 
hydrolysis")  and  any  other  specific  cleavage  sites  present.  Utilizing  a  high  initial 
concentration  of  the  amino-donor  1  is  important  in  order  for  1  to  compete  effectively 
with  water  for  the  binding  cavity  of  the  enzyme.  Organic  cosolvents  such  as  DMF 
aid  in  solubilizing  the  larger  polypeptide  reactants.  Excess  amino-donor  can  be 
recovered  in  the  final  RPHPLC  purification. 

The  high  specificity  of  GSE  for  the  benzyl  ester  2  is  evidenced  by  the  excellent 
catalytic  efficiency  (104  wt/wt  ratio  2/GSE)  and  minimal  proteolysis  at  Glu37-Arg38 
(<5%).  No  proteolysis  at  the  Asp-X  sites  was  detected.  An  18%  loss  of  2  to 
enzymatic  ester-hydrolysis  was  incurred.  Nonenzymatic  ester  hydrolysis  was 
negligible  in  an  otherwise  identical  reaction  mixture  containing  no  enzyme.  The 
12%  ester  hydrolysis  of  2  prior  to  adding  GSE  and  slight  loss  of  Fmoc  (<1%) 
probably  occurred  while  adjusting  the  pH  with  NaOH. 

References 

1.  Schellenberger,  V.  and  Jakubke,  H.-D.,  Angew.  Chem.  Int.  Ed.  Engl.,  30  (1991) 
1437. 

2.  Schellenberger,  V.,  GOmer,  A.,  KOnnecke,  A.  and  Jakubke,  H.-D.,  Peptide  Res.,  4 
(1991)  265. 

3.  Bongers,  J.,  Lambros,  T.,  Liu,  W„  Ahmad,  M.,  Campbell,  R.M.,  Felix,  A.M.  and 
Heimer,  E.P.,  J.  Med.  Ctxm,  35  (1992)  3924. 

4.  Svendsen,  I.  and  Breddam,  K.,  Eur.  J.  Biochem.,  204  (1992)  165. 

5.  Applied  Biosystems  Inc.  Bulletin  33  (1990). 


Synthesis  of  an  anti-freeze  protein 


S.  Braadtaer,  J.  ScMeucber  and  C.  Griesiitfer 

Institut fiir  Organische  Chemie,  Universitdt  Frankfurt, 
Marie-  Curie-Str.  11,  D-60439  Frankfurt/Main,  Germany 


Introduction 

Animals  exposed  to  temperatures  below  0°C  have  developed  strategies  to  avoid 
lethal  freezing  of  their  body  fluids.  Among  these  is  the  stabilization  of  body  fluids  in 
a  supercooled  state  by  inhibiting  the  growth  of  ice  crystals.  Antarctic  fish  living  in 
ice-ladden  environments  achieve  this  by  the  synthesis  of  antifreeze  proteins  (AFPs) 
[1].  These  proteins  lower  the  freezing  point  of  their  body  fluids,  whilst  the  melting 
point  is  not  affected  [2].  However,  the  exact  mechanism  of  this  interaction  has  not 
been  established  to  date  (2, 3, 4]. 

Of  the  groups  of  AFPs  known  to  occur  in  fish  [1],  a  group  of  proteins  of  about 
60  amino  acids  is  of  special  interest,  since  their  sequence  cannot  be  correlated  with 
the  models  proposed  so  far  for  the  interaction  of  AFPs  with  water.  Recently,  the 
structure  of  one  such  protein  has  been  determined  by  NMR  [3]. 

Proteins  of  this  group  have  so  far  only  been  accessible  by  isolation  or  in  low 
yield  by  heterologous  expression  [6].  Hoe,  we  report  the  first  synthesis  of  (me  of 
the  proteins  by  solid-phase  peptide  synthesis.  The  strategy  of  fragment  condensation 
allows  the  easy  modification  of  the  sequences  to  be  synthesized  and  is  therefore  well 
suited  for  die  study  of  structure-activity  relationships. 

Results  and  Discussion 

The  complete  AFP  is  synthesized  using  8  protected  fragments  (Figure  1).  The 
fully  protected  peptides  were  synthesized  on  an  automatic  peptide 
synthesizer  (ACT  200)  from  ACT  on  the  2-chk>rotrityl  resin  [7]  using  the  Fmoc/t- 
Butyl  strategy  [8].  The  coupling  with  TBTU/DIEA  and  the  Fmoc-cleavage  were 
monitored  by  TLC.  The  yields  of  the  crude  fragments  were  around  93%,  only 
fragment  AFP34-30  had  to  be  purified  by  RP-HPLC  using  ACN/H20  gradient  with 
0.1%TFA.  The  intactness  of  the  protection  groups  was  proven  by  ID  and  2D  'H- 
NMR  spectroscopy.  The  correct  masses  were  established  by  FAB-MS. 

To  obtain  die  complete  protein,  we  coupled  the  protected  fragments  sequentially 
on  the  same  resin.  The  coupling,  which  was  done  in  DMSO  with  HOBt/DIC,  and 
the  Fmoc-cleavage  were  monitored  by  the  Ninhydrin- reaction  and  by  TLC. 

After  deprotection  the  protein  was  characterized  by  ESI-MS. 
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Fig.  1.  The  sequence  of  the  AFP-Type  III  HPLC-6  is  shown.  We  used  tBu  as  protection 
group  at  S;T;E;  Y and  Trt  as  protection  group  at  Q;N  and  K  they  are  marked  as  P. 
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Introduction 

Urethane-protected  a-amino  acid  N-carboxy  anhydrides  (UNCAs)  have  been 
demonstrated  to  form  peptide  bonds  rapidly  in  high  yields,  with  practically  no 
racemization  [1-3].  These  unique  properties  prompted  us,  to  apply  Fmoc  UNCAs  for 
the  solid  phase  synthesis  of  the  heptadecapeptide  y-endorphin  (H-Tyr-Gly-Gly-Phe- 
Met-Thr-Ser-Glu-Lys-Ser-Gln-Thr-Pro-Leu-Val-Thr-Leu-OH). 

Results  and  Discussion 

To  demonstrate  the  flexibility  of  the  fully  automatic  batch-synthesizer 
ECOSYN  P  (Eppendorf/Biotronik,  Maintal,  Germany)  concerning  its  applicability 
for  any  kind  of  peptide  synthesis  strategy  (e.g.  resins,  coupling  methods,  protecting 
groups),  the  heptadecapeptide  y-endorphin  was  taken  as  an  example,  using  TentaGelR 
[4]  as  the  solid  support  and  Fmoc  amino  acid-N-carboxy-anhydrides  as  coupling 
agents.  For  the  synthesis,  the  following  Fmoc-protected  NCAs  were  applied:  Fmoc- 
Leu-NCA,  Fmoc-Thr(tBu)-NCA,  Fmoc-Val-NCA,  Fmoc-Gln(Trityl)-NCA,  Fmoc- 
Ser(tBu)-NCA,  Fmoc-Lys(Boc)-NCA,  Fmoc-Glu(OtBu)-NCA,  Fmoc-Met-NCA, 
Fmoc-Phe-NCA,  Fmoc-Gly-NCA  and  Fmoc-Tyr((XBu)-NCA  [5].  All  UNCAs  were 
reacted  in  a  one-coupling  step  in  DMF  in  threefold  excess.  After  completion  of  the 
synthesis,  the  peptide  resin  bond  and  the  side  chain  protecting  groups  were  cleaved, 
using  a  mixture  of  trifluoroacetic  acid/anisole/ethanedithiol  (15:2:0.5  ml,  2  hr,  room 
temperature).  The  crude  synthetic  product  was  purified  on  a  Nucleosil  7C,g  column 
(Macherey-Nagel,  Dtlren,  Germany),  using  a  semipreparative  HPLC  system 
(Eppendorf/Biotronik,  Maintal,  Germany;  Figure  1).  Furthermore,  the  purity  was 
controlled  by  capillary  electrophoresis  [6]  (Figure  2),  applying  a  Bio-Rad  HP  100 
apparatus  (Mflnchen,  Germany).  The  HPLC-purified  peptide  showed  the  expected 
molecular  mass  (m/z:1859),  determined  by  matrix-assisted  laser  desorption  mass 
spectrometry  (Lasermat,  Finnigan,  MAT  Bremen,  Germany,  Figure  3;  [7]).  Prior  to 
amino  acid  analysis,  the  peptide  was  hydrolyzed  with  6N  HC1  (24  h,  1 10°C).  The 
AAs  were  separated  by  cation  exchange  chromatography  and  determined  after  post- 
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column  reaction  with  aiahydria  (Amino  Acid  Analyser  LC  3000, 
Eppeadorf/Biotrooik,  Maintal,  Germany),  and  the  amino  acid  ratios  are  in  good 
agreement  with  the  calculated  values. 


Fig.  1.  HPLC  of  the  synthetic  f-endorphin.  Column:  Nucleosil  7CjS  (250x100mm): 
solvent  A:  0.05%  TFA/HyO,  B:  60%  acetonitrile  / 0.1%  TFA/Hfl;  gradient  elution:  20- 
60%  in  30  min;  flow  rate:  2,5  ml/min;  detection:  220  nm;  injection:  25  pg  (left  side). 


Fig.  2.  HPCE  of  the  synthetic  y -endorphin.  Capillary:  coated,  25fimx20cm;  voltage: 
8KV,  positive  polarity;  buffer:  0.1  M  phosphate,  pH  2.5;  detection:  UV,  220  nm,  0.02 
AUFS  (right  side). 


Fig.  3  Matrix-assisted  laser  desorption  mass  spectrum  of  the  synthetic  y-endorphin. 
Number  of  pulses:  6;  wavelength :  337  nm;  matrix :  a-  cyano  -hydroxycinnamic  acid; 
internal  standard:  glucagon  (m/z:  3494  Da). 
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Fig.  4.  Ammo  acid  analysis  hydrolyzed  of  y-endorphin.  Chromatographic  conditions: 
column:  125x4mm;  resin:  BTC  2410;  buffer:  commercial  from  EppendorflBiotronik, 
Maintal,  Germany;  flow  rate:  0.2mlAnm;  detector:  VIS  570  nm;  method:  ninhydrm  post- 
column  reaction. 
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Introduction 

Semisynthesis  of  the  superpotent  GRF  analog,  [desNH^Tyr'.D-Ala^Ala15]- 
GRF(l-29)-NH2  (4),  from  the  precursor,  [Ala1 5-2*J -GRF(4-29>-OH  (1),  employed  an 
enzymatic  transpeptidation  of  1  to  generate  [Ala1  ^]-GRF(4-29)-NH2  (2),  followed  by 
a  V8  protease  catalyzed  acylation  of  2  with  the  tripeptide,  desNH2Tyr-D-Ala- 
Asp(OH)-OR  (3)  (R  =  CH3CH2  or  4-NO2C5H4CH2)  [1].  The  utility  of  enzymes  for 
modifying  peptides  lacking  side-chain  protection,  including  recombinant  peptides, 
was  further  evaluated.  Recently  we  observed  that  the  Glu/ Asp- specific  endopeptidase 
(GSE)  from  B.  licheniformis  [2]  is  superior  to  the  V8  protease  for  the  above 
acylation.  We  also  investigated  die  influence  of  the  ester  leaving-group  (R)  of  the 
acyl  component  on  the  acylation  rate  and  yield  for  die  series,  desNH2Tyr-D-Ala- 
Asp(OH>OR  [R  *  CH3CH2-(3a),  CHj-  (3b),  CICHjCHj-  (3c),  CftHjCHj-  (3d),  4- 
NOjC^CHj-  (3e)]. 

Results  and  Discussion 

The  GSE  proved  to  be  a  more  stable  and  economical  alternative  to  the  V8 
protease  for  the  condensation  of  fragments  2  and  3.  As  shown  in  Table  1,  die  ester 
leaving-group  (R)  of  the  acyl  component  has  a  major  influence  on  both  catalytic 
efficiency  and  yield.  The  yield  is  determined  by  the  relative  rates  of  enzymatic 
synthesis  of  Asp^Ala4,  which  is  influenced  strongly  by  R,  and  proteolyses  at  Asp3- 
Ala4  and  Asp^-Ile26,  which  are  independent  of  R.  The  rate  and  yield  of  synthesis 
appears  to  increase  with  increasing  electrophilicity  of  R.  However,  there  is  slight 
break  in  this  trend  in  going  from  the  benzyl  ester  3d  to  die  4-nitrobenzyl  ester  3e. 
GSE  does  not  show  a  preference  for  more  hydrophobic  esters  as  has  been  noted  for  a- 
chymotrypsin  [3],  Thane  studies  showed  that  the  most  favorable  substrate  was  the 
benzyl  ester  3d  which  is  processed  by  the  enzyme  nearly  100-fold  more  rapidly  than 
the  ethyl  ester  3a,  the  least  favorable  substrate  (Figure  1). 
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Table  1  Influence  of  the  Ester  Leaving-Group  (R)  at  GSE  Catalyzed  Acylations  of 
[Ala,s]-GRF(4-29)-NH2  (2)  with  desSH2Tyr-D-Ala-Asp(OH)-OR  (3) 


cmpd 

R 

‘fcYieki^ 

tmax  (min) 

3a 

CH3CH2- 

60 

700 

3b 

ch3- 

70 

300 

3c 

ClCHjCHr 

99 

70 

3d 

CfiHjCHj- 

99 

10 

3e 

4-NO2QH4CH2- 

93 

35 

Initial  conditions:  [2]0  =  13.S  mM  (SO  mg  mL'1),  [3]0  =  54  mM  (45  mg  mL'1),  [GSE]  = 
2.5  mg  mL'1,  20%  v/v  DMF,  150  mM  triethanolamine,  pH  8.2,  37°C. 


Fig.  1.  Time  courses  of  the  GSE  catalyzed  syntheses  of  4  (O)  by  acylation  of  2  (O)  with 
(a)  the  ethyl  ester  3«  and  with  (b)  benzyl  ester  3d.  Side-products  (A)  represent  the 
combined  loss  of  2  and  4  to  proteolysis  at  Asp?* -lie?6;  i.e.  [side-products]  =  [2]a  -  [2]  • 
[4].  See  Table  /  for  initial  reaction  conditions. 
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Introduction 

N-protectcd-N-carboxyanhydrides  (UNCA's)  were  recently  proposed  in  peptide 
synthesis  [1].  In  order  to  evaluate  this  new  coupling  method,  analogs  of  the  protected 
C-terminal  fragments  of  neurotensin  [Fmoc-Lys(Boc)-Lys(Boc)-Pro-Tyr(tBu)-Ile-Leu- 
OtBu]  (Figure  1),  bombesin  [Z-D-Phe-Gln-Trp-Ala-Val-Gly-His-Leu-Leu-NH2] 
(Figure  2),  cholecystokinin  [Fmoc-Tyr(tBu)-Met-Gly-Trp(For)-Met-Asp-Phe-NH2] 
(Figure  3),  and  gastrin  [Boc-Trp(For)-Leu-Asp-Phe-NH2]  (Figure  4),  have  been 
synthesized  using  N-protected  Fmoc,  Z  and  Boc  amino  acid  N-carboxyanhydrides. 

Results  and  Discussion 

Coupling  reaction  were  carried  out  using  a  10%  excess  of  the  urethane  N- 
carboxyt  nhydride  amino  acid  derivative  in  "Bodanszky’s  Tube”  [2],  -  The  expected 
peptides  were  isolated  by  simple  precipitation  with  0.3%  bicarbonate  solution  and 
filtration,  and  without  characterization  of  the  intermediates.  In  a  typical  experiment, 
the  C-terminal  protected  amino  acid  or  peptide  derivative  with  free  a-amino  group  (4 
mmol  for  the  first  coupling)  is  dissolved  in  10  ml  of  DMF  and  treated  with  the 
respective  Fmoc,  Boc  or  Z  urethane  N-carboxyanhydride  (Fmoc-,  Boc-  or  Z-NCA) 
derivative  in  10%  excess  for  30  minutes  at  room  temperature;  DIEA  (0.3  equivalent) 
was  added  in  the  reaction  mixture.  Precipitation  of  the  protected  peptide  was  obtained 
by  pouring  the  reaction  mixture  in  200  ml  of  0.5%  NaHC03;  the  precipitate  is  then 
collected,  washed  with  water,  0.1  N  KHS04,  water  and  finally  dried.  In  some  cases, 
washing  w*th  ethyl  ether  was  also  performed.  The  purity  of  the  crude  peptides 
obtained  in  these  syntheses  were  evaluated  by  HPLC.  Boc-Trp(For)-Leu-Asp-Phe- 
NH2  was  obtained  with  an  overall  yield  of  85%,  Fmoc-Tyr(tBu>-Met-GIy-Trp-Met- 
Asp-Phe-NH2  with  an  overall  yield  of  57%,  Fmoc-Lys(Boc)-Lys(Boc)-Pro-Tyr(tBu)- 
Ile-Leu-OtBu  with  an  overall  yield  of  85%  and  Z-D-Phe-Gln-Trp-Ala-Val-Gly-His 
Leu-Leu-NHj  with  an  overall  yield  of  66%.  All  crude  peptides  were  obtained  in  a 
high  degree  of  purity  (85  to  97%). 
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Fig.  3.  Synthesis  of  the  analog  of  the  protected  C -terminal  tetrapeptide  of  gastrin . 


Fig.  4.  Synthesis  of  the  analog  of  the  protected  C-terminal  heptapeptide  of 
cholecystokinin. 


These  syntheses  which  have  not  been  optimized  showed  that  peptide  coupling 
in  solution  is  a  very  simple  and  effective  process  when  urcthane-N-carboxyanhydride 
amino  acid  derivatives  were  used.  The  excess  reagent  is  low  and  the  yields  of 
coupling  are  excellent.  The  work  up  process  is  simplified  to  a  great  extent  as  it 
mainly  relies  on  washing  out  the  excess  of  the  N-carboxyanhydride  derivative  from 
the  precipitated  peptide.  The  use  of  urcthane-N-carboxyanhydride  amino  acid 
derivatives  should  considerably  simplify  peptide  synthesis  in  solution. 
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Introduction 

Several  different  molecular  forms  of  cbolecystokinin  have  been  detected  in  vivo 
(CCK-58,  CCK-39,  CCK-33,  CCK-8)  [1,  2, 3].  The  understanding  of  the  biological 
function  of  each  of  these  forms  is  essential  for  the  elucidation  of  CCK's  physiology 
in  mammals.  While  descriptions  of  the  synthesis  of  CCK-8  and  analogs  are 
numerous,  that  of  CCK-33  was  carried  out  by  three  groups  only  [4,  5,  6],  The  total 
synthesis  of  larger  entities  such  as  that  of  CCK20.58  and  CCK-58  or  analogues  has 
never  been  reported  most  likely  because  of  synthetic  difficulties.  The  cumulative 
effect  of  peptide  length  and  sensitivity  to  acids  may  be  the  cause  of  undisclosed  earlier 
failures. 

We  report  here  the  synthesis,  purification,  characterization  and  bioactivity  of 
analogues  of  CCK20-58  and  CCK-58  in  which  Tyr52(S03H)  was  replaced  by  Phe(p- 
CHjSOjNa),  methionines  by  norleucines  (Nle)  and  tryptophan  by  2-naphtylalanine 
(Nal).  Those  modifications  were  introduced  in  order  to  increase  the  chemical  stability 
of  those  peptides  during  the  synthetic  process. 

Results  and  Discussion 

Fmoc-L-Phe(p-CH2SOjNa)-OH  [7]  was  prepared  in  an  alternative  and  shorter 
way  than  that  described  in  the  literature  [8]. 

Peptide  syntheses  were  carried  out  manually  on  a  2,4-dimethoxy- 
benzhydrylamine  (2,4-DMBHA  )  resin  using  the  Fmoc  strategy  and  DIC  or  BOP  as 
coupling  reagents.  Acetylation  was  avoided  as  much  as  possible.  The  chain 
elongation  was  interrupted  several  times  for  cleavage  and  analysis  of  die  peptides  as 
they  were  built  on  the  resins.  This  constant  monitoring  of  the  synthetic  process  was 
important  in  optimizing  the  syntheses.  The  most  effective  method  for  the 
cleavage/full  deprotection  of  the  peptide-resins  was  reagent  K 
(TFA/thioanisole/water/phenol/  ethanedithiol,  83:5:5:5:2.5)  at  room  temperature. 
Reaction  times  for  cleavages  had  to  be  increased  with  increasing  chain  length  (from  3 
to  24  hr  for  CCK-8  to  CCK-58).  The  etude  peptide  preparations  were  extremely 
complex  when  analyzed  by  RP-HPLC,  capillary  zone  electrophoresis  (CZE)  and  ion- 
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exchange  chromatography  (IEC).  CCK-39  and  CCK-58  analogues  were  purified  by 
CEC  (cation-exchange  chromatography)  followed  by  RP-HPLC  using  a  0.1%  TFA 
system. 

The  purified  peptides  (purity  greater  than  90%)  woe  characterized  by  RP-HPLC 
using  highly  resolutive  systems  different  from  those  used  during  the  purification, 
CZE,  mass  spectrometry  (LSIMS)  and  amino  acid  analysis.  The  results  showed  that 
the  products  corresponded  to  the  desired  peptides.  In  the  case  of  [Tyr52,Nle32’53-56, 
Nal5S]-CCK-58  and  [Phe(p-CH2S03Na)32,Nle32-33-M,Nal53]-CCK-581  size  exclusion 
HPLC  (SEC)  and  IEC  were  also  used.  The  importance  of  doing  these  orthogonal 
analyses  is  that  the  longer  and  more  difficult  the  synthesis,  the  greater  the  chances 
that  die  desired  material  be  seen  as  homogeneous  by  RP-HPLC,  CZE  and  mass 
spectrometry  only.  [Tyr32,Nle32’33-36,Nal33]-CCK-58  was  also  submitted  to  Edman 
sequence  analysis  which  confirmed  not  only  its  identity,  but  also  its  high  degree  of 
purity. 

Besides  the  fact  that  it  describes  the  successful  total  synthesis  of  some  difficult 
CCK-58-related  analogs,  this  report  offers  complementary  strategies  for  the 
purification  mid  characterization  of  peptides/proteins  prepared  on  a  solid  support 

Those  peptides  were  tested  for  their  ability  to  stimulate  amylase  release  from 
isolated  rat  pancreatic  acini  [9].  We  found  that  [Phe(p-CH2S03Na)52,Nle32-53-56, 
Nal55]-CCK2o.58  had  marginal  activity  and  [Phe(p^H2SOJNa)52,Nle32-53-56,  Nal55]- 
CCK-58  was  inactive  at  the  highest  doses  tested  (10~9  M)  [10],  Considering  the  fact 
that  CCK-58  is  considered  to  be  only  five  times  less  potent  than  CCK-8 
(unpublished  data),  we  were  not  expecting  this  significant  difference  between  the 
relative  potencies  of  the  standard  used  and  our  analogs.  Our  explanation  is  that, 
while  each  of  die  modifications  was  shown  to  increase  the  chemical  stability  of  those 
molecules,  the  cumulative  effects  of  each  substitution  might  be  incompatible  with 
the  receptor  recognition  or  activation  in  rat  pancreatic  acini.  On  the  other  hand,  we 
did  not  expect  [Tyr52,Nle32-33-56JMal55]-CCK-58  to  be  active  for  the  lack  of  a  sulfate 
group  in  position  52. 
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Iatrodoctioa 

Bis-cysteinyl-octapeptides  related  to  the  active  site  sequences  31-38  of  E.  coli 
thioredoxin  and  134-141  of  thkxedoxin  reductase,  i.e.  Ac-Trp-Cys-Gly-Pro-Cys-Lys- 
His-Ile-NH2  (1)  and  Ac-Ala-Cys-Ala-Thr-Cys-Asp-Gly-Phe-NH2  (2),  were 
synthesized  as  N-acetyl  and  C-amide  derivatives  in  order  to  define  the  role  of 
interactions  in  the  folded  state  of  these  thiol-protein  oxidoreductases  in  determining 
the  redox  properties  of  the  functional  domains  [1]. 

Resalts  and  Discussion 

The  sequence-dependent  difficulties  expected  for  the  synthesis  of  the  two 
octapeptides  derive  from  the  presence  of  two  Cys  residues  in  combination  with  His 
and  Trp  (peptide  1)  and  with  Asp-Gly  (peptide  2).  Besides  the  known  facile 
alkylation  of  Trp  in  acidolytic  deprotection  steps,  this  side  reaction  seems  to  be 
significantly  enhanced  by  the  proximity  of  a  Cys  residue  [2].  Aspartimide  formation 
with  concomitant  a— »p  transpeptidation  is  known  to  occur  in  acidic  deprotection 
steps,  but  could  also  result  from  repetitive  piperidine  treatments  for  Fmoc  removal 
[3]  in  FmocABu  synthetic  strategies.  The  octapeptides  were  synthesized  in  solution 
and  on  solid  supports. 

Synthesis  in  solution:  Acid-labile  side  chain  protecting  groups  on  tert-butanol 
and  trityl  basis  were  combined  with  Cys(StBu)  and  N“-Z  and  N“-Nps  derivatives  in 
chain-elongation  steps.  The  protected  octapeptides  were  obtained  by  fragment 
assembly  with  DCC/HOSu  in  good  overall  yields  without  encountering  particular 
difficulties.  Upon  treatment  with  aqueous  TFA  (in  presence  of  2-methylindole  for 
peptide  1)  crude  products  of  a  high  degree  of  purity  were  obtained  as  shown  by  their 
hplc  (Figure  1).  Subsequent  reduction  with  (C4H9)3P  in  aqueous  TFE  [4]  and 
oxidation  of  bis-cysteinyl-peptides  with  azodicarboxylic  acid  derivatives  led  to  the 
desired  monomeric  cyclic  octapeptides  as  well  characterized  compounds  in  high  yields 

m. 

Solid  phase  synthesis:  Fmoc-amino  acids  were  coupled  in  DMF  to  the 
modified  Rink-linker  on  the  resins  Rapp  S  RAM  (0.2mmoi/g),  Nova  Syn  KR 
(O.lmmol/g)  and  Nova  Syn  PR  500  (0.47mmol/g).  Couplings  were  performed  in 
high  and  low  pressure  continuous  flow  reactors  via  NCA’s  [5]  for  Fmoc-De,  Fmoc- 
His(Trt),  Fmoc-Lys(Boc),  Fmoc-Gly,  Fmoc-Phe,  Fmoc-Thr(tBu)  and  Fmoc-Ala  and 
via  TBTU/HOBt/DfEA  (1:1:2)  for  Fmoc-Cys(StBu)-OH  (or  Fmoc-Cys(Acm)-OH), 
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Fig.  1.  HPLC  of  crude  deprotection  products  as  CysfStBu)  derivatives  from  synthesis  in 
solution  of  peptide  1  (I)  and  2  (II),  and  from  synthesis  on  solid  support  of  peptide  I  (III) 
and  2  (IV).  Ion  spray  MS:  molecular  ion  cf  1160.8 for  (a)  of  panel  I  and for  (a),  (b),  (c)  and 
(d)  of  panel  III;  molecular  ion  of  1004.6 for  (a)  of  panel  II  and  for  (a),  (b)  and  (c)  of  panel 
IV. 

Fmoc-Asp(OtBu)-OH  and  Fmoc-Trp-OH  (or  Fmoc-Trp(Boc)-OH),  whilst  the 
fluoride/DIEA  (1:1)  method  was  used  for  Fmoc-Pro  [6].  Excesses  of  acylating 
species  over  die  growing  chain  were  chosen  to  keep  their  concentrations  in  the  loops 
i  0.07M  and  reaction  times  (l-3h)  were  optimized  for  each  acylating  step  upon 
spectrophotometric  monitoring  of  Fmoc -removal  with  piperidine/DMF  (1:4, 8  min). 
Acetylation  was  performed  with  (CH3CO)2CVDIEA  (1:1,  20  eq.).  Cleavage  of  the 
peptides  from  the  modified  Rink-linker  with  aqueous  TFA  in  the  presence  of  various 
scavengers  (or  of  their  mixtures)  led  to  surprisingly  low  recoveries.  Percentages  of 
uncleaved  or  reattached  peptide  was  determined  by  quantitative  amino  acid  analysis 
upon  acid  hydrolyses  of  the  resins  prior  and  after  die  cleavage  step.  Recoveries  of 
peptide  1  as  2xStBu  derivative  ranged  from  62%  (from  Nova  Syn  KR)  to  54%  (from 
Nova  Syn  FR  500)  and  20%  (from  Rapp  S  RAM)  with  TFA/HjCVEDT,  90:5:5,  2h. 
Beat  cleavage  of  this  peptide  from  Rapp  S  RAM  resin  was  obtained  with 
TFA/HjO/triisopropylsilane,  93:5:2,  2h  (54%)  whereas  exposure  to 
TFA/HjQ^pheaol/thioanisole/ethaaedithiol,  82.5:5:5:5:2.5,  2h,  led  to  a  relatively 
good  recovery  (56%),  but  concomitantly  to  removal  of  the  StBu  groups  [7]. 
Recoveries  of  peptide  2  as  2xStBu  derivative  from  Rapp  S  RAM  varied  from  63% 
with  TFA/HjOftriethylsilane,  93:5:2,  2h  to  85%  with  TFA/HjO,  95:5.  Thereby 
minimal  effects  were  detected  by  exchanging  StBu  with  Acm  as  thiol  protecting 
group.  Uncleaved  De-resin  bond  was  found  to  contribute  to  above  values  in  the  range 
of  8-12%,  reattachment  via  Cys(StBu)  or  CysfAcm)  between  10  and  40%,  the  rest 
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being  reattachment  via  alkylation  of  Trp,  where  N^-Boc  protection  in  this  context 
proved  to  be  of  marginal  benefit  at  least  when  EDT  was  used  as  scavenger. 
Surprisingly,  even  alkylation  of  His  is  contributing  to  the  reattachment  as  deduced 
from  model  experiments  with  C-terminal  fragments  of  peptide  1.  Independently  of 
the  cleavage  methods  used  and  of  the  synthetic  batches,  die  crude  thiol-protected 
octapepddes  1  and  2  were  found  to  exhibit  in  hptc  a  cluster  of  mainly  4  peaks  (see 
Figure  1)  besides  some  minor  impurities  the  intensity  of  which  was  found  to  vary  to 
some  extent  in  function  of  deprotection  methods  used.  As  the  4  peaks  related  to 
peptide  1  and  3  of  the  4  peaks  related  to  pepdde  2  (the  4th  peak  n.d.)  revealed  the 
identical  masses  in  ion  spray  MS,  racemization  seemed  to  be  die  most  probable 
source  for  the  observed  heterogeneity.  Gas  chromatographic  racemization  analysis  of 
the  crude  products  did  not  reveal  percentages  of  D-amino  acids  above  the  standard 
values  of  acid  hydrolysates;  thereby  the  10%  D-Ala  (in  peptide  2)  fully  agrees  with 
the  known  hydrolysis-dependent  racemization  X  in  X-Cys  sequences.  Since  this 
method  does  not  allow  to  determine  the  enantiomeric  purity  of  Cys,  the  C-terminal 
fragment  Ac-Cys(Acm)-Asp-Gly-Phe-NH2  was  synthesized  by  TBTU  coupling  of 
Fmoc-Cys(Acm)-OH.  The  resin-cleaved  crude  product  exhibited  2  peaks  in  the  hplc 
which  were  identified  as  die  L-Cys  and  D-Cys  related  diastereoisomers  by  comparative 
analysis  with  the  tetrapeptides  prepared  by  using  Fmoc-L-Cys(Acm)-OPfjp  and  Fmoc- 
D-Cys(Acm}-OPfp  as  acylating  agents.  Therefore  the  heterogeneity  observed  in  the 
crude  1  and  2  derives  from  racemization  at  the  level  of  the  two  Cys  coupled  to  the 
resin-bound  peptides  via  the  TBTU/HOBt/DIEA  procedure.  Thereby  the  thiol- 
protecting  group  does  not  affect  the  extent  of  racemization,  which  is  reduced  to 
undetectable  extents  by  using  Pfp-esters. 

Besides  the  loss  of  product  via  reattachment  to  the  resin,  under  optimized 
conditions  the  octapepddes  were  obtained  in  SPPS  in  high  quality,  too. 
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Iitradictioi 

Metallothiooe  in-like  growth  inhibitory  factor  (GIF)  [1],  which  inhibits  survival 
and  neurite  formation  of  cortical  neurons,  is  abundant  in  the  normal  human  brain,  but 
remarkably  reduced  in  the  Alzheimer's  disease  brain.  It  was  suggested  that  the  loss  of 
GDP  would  cause  the  elevated  neurotrophic  activity,  followed  by  unusual  sprouting, 
structural  alterations  and  neural  death.  In  order  to  study  the  relationship  between  the 
structure  and  growth  inhibitory  activity,  our  studies  have  been  directed  to  the 
synthesis  rrfCHF  and  related  peptides. 

To  overcome  the  difficulties  in  the  synthesis  of  large  peptides  or  proteins,  the 
convergent  solid  phase  strategy,  winch  includes  1)  stepwise  solid  phase  synthesis  of 
fully  protected  peptide-resins,  2)  their  detachment  from  the  resin  to  release  the  a- 
carboxy  free  fragments,  3)  purification  of  the  protected  peptide  fragments,  and  4) 
fragment  assembly  on  solid  support,  is  one  of  the  most  advantageous  methods  [2]. 
This  report  deals  with  the  synthesis  of  GIF,  which  consists  of  68  amino  acid  residues 
including  20  cysteines  (Figure  1),  by  slightly  modified  convergent  solid  phase 
method. 


1  10  20  30 

Ac-M-O-P-E-TG-P-GP-S-G-G-S-C-T-C-A-D-S-C-K-C-E-G-C-K-C-T-S-C- 

40  50  60 

K-K-SGG-SGG-P-A-EG-E-KG-A-KGG-VG-KG-G-E-A-A-E-A-E-A-E- 

68 

K-C-S-C-C-G 


Fig.  I.  Primary  structure  of  GIF. 

Results  and  Discussion 

At  the  beginning  of  this  investigation,  we  employed  the  following  synthetic 
scheme;  1)  synthesis  of  the  fully  protected  fragments  by  SPPS  in  combination  with 
bP-Fmoc,  TFA-staMe  side-chain  protecting  groups  and  TFA  cleavabie  Wang  resin,  2) 
their  purification,  and  3)  fragrant  condensation  on  the  solid  support  However,  the 
purification  of  Fmoc-beving  peptide  fragments  was  problematic.  We  evaluated  some 
purification  procedures  i.e.  reprecipitation  (DMF-MeOH  or  TFA-ether),  HPLC 
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(HjCVMeCN/DMF)  tad  silica-gel  column  chromatography  (CHCl3:Me0H:H20  = 


Fmoc-M-O-0 

I  sm 

laws  iMmmn/om 


yy/////////>vm 


ITFM’twnoi  06:8) 
HPLC 


—OH  f  pro-fragment* ,  ll'-V) 


FHnoc-OSu 
r  LH-ao 


FmocH3033^-OH  0«-V)  tM  : 
Fig.  2.  SPPS  of  the  protected  peptide  via  "pro-fragment". 


8:3:1,  lower  phase),  however,  all  methods  gave  unsatisfactory  results.  Therefore,  a 
slightly  modified  synthetic  scheme  was  employed;  1)  synthesis  of  a-amino  and  a- 
carboxy  free  fragments  ("pro-fragments")  by  Fmoc-SPPS  (Figure  2),  2)  their 
purification  by  reversed-phase  HPLC,  3)  introduction  of  Na-Fmoc  group  to  die 
purified  "pio-frsfments  >'  id  4)  fragment-condensation  on  the  resin.  For  side-chain 
protections  o;  ip  and  Lys  residues,  2-adamantyl  (2-Ada)  [3]  and  2- 
adamantyloxya  -yl  (2-Adoc)  [4]  groups  were  employed  to  increase  solubility  of 
the  "pro-fragments  and  fragments.  All  thiol  groups  of  Cys  residues  were  protected 
by  Acm  to  prevent  the  disulfide  formation.  Other  side-chain  protecting  groups 
employed  woe  as  follows:  Bzl  for  Scr  and  Thr,  cycloheptyl  (Chp)  for  Glu,  Mbh  for 
Gin  and  tBu  for  Glu  and  Ser  only  in  the  fragment  (VI).  All  amino  acid  derivatives 
were  incorporated  by  Bop-mediated  coupling  procedure,  and  N“-Fmoc  group  was 
removed  by  20%  piperidine/DMF.  The  resultant  protected  peptide  resins  having  the 
sequences  of  (I),  (IT),  (IIT),  (IV)  and  (V)  woe  treated  with  TFA  in  the  presence  of 


t-a  atom-*  n  a  Q¥*m  op*u  a  epmnopemf++tcpemt*tcc<nomt+Kt>cv^*cpcmbKa- 
w  ***»taw a  cpont  Cf**+oon 


Fig.  3.  Synthetic  Scheme  for  GIF. 
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phenol  to  release  die  fragment  (I)  and  "pro-fragments"  (IT),  (HT),  (IV)  and  (V).  The 
fragments  containing  no  or  a  few  Bzl  group(s),  (I),  (IV)  and  (V'X  were  highly  soluble 
in  the  mixture  of  H20  and  MeCN,  or  H20  and  THF,  and  could  be  purified  easily  by 
HPLC  with  HjO/MeCN  solvent  system,  while  the  "pro-fragments"  containing  many 
Bzl  groups,  (IT)  and  (IQ1),  were  soluble  only  in  the  mixture  of  DMF  and  H20,  and 
their  purification  by  reversed-phase  HPLC  was  somewhat  difficult  Subsequently,  Na- 
Fmoc  group  was  intnxhiced  to  "{no-fragments",  (ITHV’),  to  give  the  fragments,  (H>- 
(V).  Fragments  (I)-(V)  were  coupled  with  the  fragment  (VI)  built  on  the  solid 
support  by  Bop-HOBt  or  DIPC-HOBt  method  as  shown  in  Figure  3,  followed  by  the 
capping  with  1-acetylimidazole,  successively,  to  give  the  fully  protected  peptide  resin 
corresponding  to  the  entire  amino  acid  sequence  of  GIF. 

The  protected  peptide  resin  was  treated  with  1  M  TMSBr-thioanisole/TFA  and 
HF,  successively,  to  give  Acm-GIF.  After  the  purification  with  HPLC,  Acm  groups 
were  removed  by  the  treatment  with  Hg(AcO)2  in  50%  AcOH  containing  8  M 
guanidine*HCl,  followed  by  the  incubation  with  DTT  and  gel-filtration  to  give  apo- 
GIF  molecule. 

Side-chain  protected  peptides,  "pro-fragments",  containing  2-Ada  or  2-Adoc 
group  were  efficient  intermediates  for  the  convergent  SPPS  in  terms  of  the  ease  of 
their  purification  by  reversed-phase  HPLC.  This  synthesis  suggests  that  2-adamantyl- 
type  protecting  groups  are  an  alternative  to  benzyl-type,  and  additional  2-adamantyl- 
type  protecting  groups  for  other  side-chain  functions  which  may  increase  solubility 
of  the  fragments,  are  now  required  to  enhance  the  convergent  solid  phase  peptide 
synthetic  approach. 
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Introduction 

The  need  for  high-quality  synthetic  peptides  has  greatly  increased  with  the 
expansion  of  life-science  research.  The  cost  of  starting  materials  and  purification  in 
down  stream  processing  are  the  most  important  factors  for  production  of  peptide 
pharmaceuticals.  In  addition  waste  is  a  serious  environmental  problem  in  the 
chemical  industries.  Regeneration  and  re-use  of  acyl  components,  which  usually 
account  for  the  largest  production  costs  in  SPPS,  have  already  been  mentioned  [1]. 
We  have  constructed  a  prototype  semi-large  scale  continuous-flow  solid-phase  peptide 
synthesizer,  which  is  equipped  with  recovery  lines  for  acyl  components  as  well  as 
solvents. 

Resalts  and  Discussion 

The  present  synthesizer  consists  of  a  unit  containing  the  acyl  components 
(amino  acid  reservoir  with  the  same  number  of  ports  for  activation  reagents  and  an 
activation  flask  with  a  temperature  controller),  a  pump  and  a  reaction  column.  After 
the  reaction  column  a  UV  detector  was  inserted  in  the  line  to  monitor  Fmoc  groups. 
Using  this  small  plant  several  peptides  were  synthesized  by  the  Fmoc  strategy  using 
DMF  as  a  solvent,  after  evaluation  of  coupling  protocols  as  well  as  excess  amounts 
of  the  acyl  component  by  the  use  of  a  simultaneous  multiple  peptide  synthesizer, 
PSSM-8  [2].  The  N°  Fmoc  group  was  removed  by  20%  piperidine  in  DMF. 
Cleavage  was  carried  out  in  the  same  reaction  column,  in  situ,  (before  cleavage  die 
peptide  bound  resin  was  dried  in  a  stream  of  nitrogen  after  washing  with  methanol 
followed  by  t-butylmethyl  ether)  or  in  a  flask  with  a  TFA-scavenger  cocktail. 

Recovered  excess  amino  acid  derivatives  dissolved  in  DMF  were  concentrated, 
quenched  with  saturated  NaHCC^  solution,  acidified  with  HC1  with  cooling  and 
solidified  or  extracted  with  ethyl  acetate.  Regenerated  Fmoc  amino  acids  were 
purified  in  the  conventional  manner  to  yield  ca  70  %  of  theoretical  value  and  analyzed 
by  TLC,  RP-HPLC,  FAB-MS  and  DL  amino  acid  analysis  [3].  DMF  in  the 
washing  steps  was  recovered,  collected  aid  distilled  in  die  conventional  manner.  The 
quality  of  purified  DMF  was  checked  by  GC-MS  for  re-use  in  SPPS. 

Leucine  enkephalin  and  human  angiotensin  I  were  prepared  by  the  stepwise 
coupling  in  the  presence  of  PyBOP  and  HOBt  with  NMM  (Table  i).  Figure  I 
shows  RP-HPLC  profiles  of  these  peptides  after  cleavage.  The  resulting  material  was 
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characterized  by  LSIMS,  EVL  amino  acid  analysis  and  was  found  to  be  identical  with 
authentic  peptides  prepared  by  the  PSSM-8. 

Table  1  Synthesis  of  [Leu  ^-enkephalin  (a)  and  angiotensin  1  (b) 
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b- in 9a*.  290 ml  (92%  TFA.  9%  wafer.  9%  EOT,  2.5%  EMS. 

|Ll,'"J)-lll*T  "MiBBIilWIHliiiilMI 

99% 
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In  the  present  study  several  problems  were  solved  to  enable  construction  of  a 
fully  automated  synthesizer.  The  system  is  useful  for  peptide  pharmaceutical  research 
and  semi-large  scale  production  of  commercial  peptides  with  high  efficiency  and  low 
running  costs. 
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Fig.  1.  HPLC-prafiles  of  synthetic  [ Leu J*  -enkephalin  and  angiotensin  /  after  cleavage. 
Column:  SynProPep  RPC18  (4.6  x  150  mm);  Eluent:  0.01N  HCl/CHyCN^SS/l 5-55/45  (30 
min);  Flow  rate:  1.0  ml/min;  Absorbance  210  nm. 
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Introduction 

Elevated  temperature  has  been  previously  used  in  SPPS,  but  to  date,  only 
during  the  coupling  step  [1].  It  has  also  been  reported  that  coupling  at  elevated 
temperatures  (30-80  °C)  using  1-benzotriazolyl  esters  of  amino  acids  did  not  induce 
racemization  even  in  the  presence  of  excess  triethylamine  [2].  In  order  to  shorten 
cycle  time  (<30  min/cycle)  without  having  to  reduce  resin  substitution  (>0.4  meq/g) 
or  increase  excesses  of  reagent  (2-3  fold),  we  have  studied  the  effects  of  elevated 
temperatures  on  all  steps  of  several  syntheses  [rat  CRF  (a  41  peptide  amide),  porcine 
NPY  (a  36  peptide  amide),  and  a-MSH  (a  13  peptide  amide)]  with  protocols  that 
were  otherwise  die  standard  used  in  our  laboratories.  In  addition,  we  synthesized  two 
model  peptides,  YLRPDWHQA-amide  and  AQFFYNNTTQLFNNA-amide 
encompassing  most  trifunctional  amino  acids  or  rich  in  Asp,  Glu,  Asn  and  Gin 
reported  to  give  problematic  side  reactions  [1]. 

Results  and  Discussion 

Syntheses  were  carried  out  manually  using  a  MB  HA  resin  in  a  water  (75°C) 
jacketed  vessel,  maintaining  an  elevated  temperature  during  the  coupling,  wash  and 
deblocking  steps.  The  side-chain  protecting  groups  were  His(Tos),  Tyr(2BrZ), 
Ser(Bzl),  Glu(cHex),  Asp(cHex),  Arg(Tos),  Cys(Mob),  Cys(Acm),  Lys(2ClZ), 
Thr(Bzl)  when  using  the  Boc-strategy  and  His(Trt),  Asp(tBu),  Arg(Mtr),  Tyr(tBu) 
when  using  the  Fmoc  strategy.  In  our  search  for  an  ideal  solvent  system  that  would 
solubilize  all  amino  acid  derivatives,  be  environment  friendly  and  obtainable  at  a 
reasonable  cost,  we  tested  the  following  solvents  and  mixtures  thereof:  ethylene 
carbonate/toluene,  DMF,  DMF/toluene  and  DMSO/toluene.  We  found  that  23% 
DMSO  in  toluene  was  the  overall  best  solvent  system  for  coupling.  Toluene,  as 
shown  below  could  also  be  used  in  combination  with  TFA,  piperidine  and  EtjN  for 
deblocking  the  a-amino  function  and  neutralization  in  either  the  Boc  or  Fmoc 
strategies.  As  an  example,  the  following  protocols  were  used  (volume/g  resin, 
reaction  time):  Boc-strategy  1)  deblocking,  TF A/toluene/1, 2-ethanedithiol  = 
10/HV1  (13  mL,  3  min);  2-  Toluene  wash  (13  mL,  13  sec) ;  3)  neutralization,  10% 
E^N/toluene  (13  mL,  15  sec);  4)  MeOH  wash  (15  mL,  15  sec);  5)  repeat  steps  3  and 
4;  6)  coupling  in  25%  DMSO/toluene  (IS  mL):  Boc-amino  acid/HOBT  =  1/1  (2  eq), 
DIC  (2  eq,  10  min)  [exception:  use  BOP  with  Boc-His(Tos)  DCHA  and  Boc-amino 
acid/HOBT  -  1/2  for  Gin  and  Asn];  7)  25%  DMSO/toluene  wash  (15  mL,  15  sec);  8) 
MeOH  wash  (15  mL,  15  sec);  9)  repeat  steps  7  and  8;  10)  toluene  wash  (13  mL,  15 
sec).  FflMC-stratagy  (for  model  peptide  YLRPDWHQA-amide)  1)  deblocking, 
20%  Piperidine/Toluene  (20  mL,  5  min);  2)  toluene  wash  (15  mL,  15  sec);  3)  MeOH 
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wash  (IS  mL,  IS  sec);  4)  repeat  steps  2  and  3;  5)  coupling  in  2S%  DMSO/toluene 
(IS  mL)  :  Fmoc-amino  acid/HOBT  =  1/1  (2  eq),  DIC  (2  eq,  10  min)  [exception  :  use 
BOP  with  Fmoc-His(Trt)DCHA  and  Fmoc-amino  acid/HOBT  =  1/2  for  Gin  and 
Asn],  6)  25%  DMSO/toluene  wash  (15  mL,  15  sec);  7)  MeOH  wash  (15  mL,  15 
sec);  8)  repeat  steps  6  and  7;  9)  toluene  wash  (15  mL,  15  sec).  In  these  studies, 
couplings  were  monitored  by  the  ninhydrin  test  of  Kaiser  and  driven  to  completion 
by  recoupling  when  necessary.  Acetylation  at  high  temperature  was  not  performed  in 
these  studies  but  was  used  with  other  peptides  and  found  to  give  results  similar  to 
those  obtained  at  room  temperature. 

Peptide  resins  were  cleaved  (HF/anisole/ethylmethylsulfide:  10/1/1;  15  mL/g 
peptide  resin)  and  analyzed  by  RP-HPLC.  The  crude  peptides  appeared  to  be  of 
equivalent  or  greater  purity  than  the  preparations  obtained  using  similar  conditions 
(but  different  solvents  and  reaction  time)  at  room  temperature.  Figure  1  and  2  show 
the  elution  profile  of  crude  rCRF  and  of  pNPY.  YLRPDWHQA-amide  was 
synthesized  to  evaluate  the  stability  of  most  tri functional  AA  under  high  temperature 
conditions  while  AQFFYNNTTQLFNNA-amide  rich  in  Asn  and  Gin  and  an  analog 
of  the  previously  studied  QFFYNNTTQLF-NN  (1)  was  synthesized  for  comparative 
purposes  with  no  apparent  problem.  In  order  to  minimize  problems  associated  with 
Asn  as  the  C-terminus  benzyl  ester  and  Gin  as  the  N-terminus  (die  former  providing 
a  substrate  for  as  yet  unresolved  side  reactions  and  the  latter  having  a  propensity  to 
cyclize  to  give  the  pyroglutamy  N-terminus),  we  added  Ala  residues  at  the  N-  and  C- 
termini.  Peptides  were  purified  by  HPLC  and  characterized  by  MS,  AAA  and 
coelution  with  authentic  samples.  rCRF  and  NPY  were  tested  in  specific  bioassays 
and  found  to  be  equipotent  to  standard  preparations.  Under  these  conditions.  Gin  was 
the  only  AA  with  which  difficulties  were  encountered.  It  is  well  known  that  peptides 
with  NH2-terminal  deblocked  Gin  can  be  directly  cyclized  to  pyroglutamyl  peptides 
when  heated  in  TFA  or  when  exposed  to  dilute  carboxylic  acids. 


I - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 — 

•  14  M  K 

Ttn  (Mi) 

Fig.  1.  Rat  CRF  sequence:  SEEPPISLDLTFHLLREVLEMARAEQLAQQAHSMRKLMEll- 
amide 
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Fig.  1  NPY  sequence:  YPSKPDNPGEDAPAEDMARYYSALRHYINUTRQRT-amide 

In  the  synthesis  of  our  model  peptide  YLRPDWHQA-amide,  Pyr-Ala-amide 
was  also  found.  When  this  synthesis  was  repeated,  this  side  reaction  was  prevented 
by  deblocking  the  BooGln  peptides  at  room  temperature  and  by  adding  the  preformed 
Boc-AA-HOBT  esters  during  the  following  coupling  step. 

In  separate  studies,  we  also  used  the  Metrifield  resin  and  the  Boc  strategy  for  the 
synthesis  of  a  number  of  peptides  (including  endothelin)  with  a  free  carboxyl. 
Weight  gain  was  as  expected,  suggesting  that  loss  of  peptide  from  the  resin  during 
deblocking  was  not  a  major  problem. 

With  few  modifications  to  usual  protocols  (such  as  those  presented  here),  this 
method  will  increase  efficiency  by  reducing  cycle  times  to  less  than  30  min.  Our 
choice  of  solvents  is  also  compatible  with  SPPS  at  room  temperature  and  should 
solve  some  aspects  of  disposal  associated  with  chlorinated  compounds.  Finally,  it  is 
obvious  that  these  protocols  could  be  easily  adapted  to  automation. 
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Introduction 

Backbone  modifications  by  isosteric  amide  bond  replacement  have  attracted 
widespread  interest  in  peptide  chemistry  as  a  means  to  alter  and/or  improve  chemical 
and  biological  properties  of  peptides  [1].  Although  increased  stability  toward 
enzymatic  degradation  and  thus  prolonged  duration  of  action  of  potential  peptide  drugs 
is  usually  die  major  objective  when  utilizing  peptide  isosteres,  other  pharmacological 
parameters  may  be  affected  as  well.  For  example,  it  has  recently  been  shown  that  in 
some  cases  agonistic  peptides  can  be  converted  into  antagonists  by  applying  such 
principles  [2].  While  the  synthesis  of  some  more  commonly  used  amide 
replacements,  such  as  'F(NH-CO),  *F(NH-CH2),  or  »P(COCH2)  has  received 
considerable  attention  and  has  become  routine,  the  "cartoa"  replacement  Y(CH2CH2) 
has  only  recently  been  dealt  with  in  a  more  general  fashion  [3].  Unfortunately,  the 
reported  procedure  requires  the  homologation  of  an  amino  acid  using  diazomethane 
and  silver  oxide,  which  can  be  problematic,  particularly  for  larger  scale  operations. 
For  this  reason,  we  investigated  new  approaches  to  the  synthesis  of  "carba",  peptide 
isosteres  and  we  report  here  a  shut  and  convergent  procedure  starting  from  readily 
accessible  materials.  Our  approach  which  utilizes  a  1,4-addition  of  a  sulfone- 
stabilized  anion  to  an  appropriate  acrylate  is  exemplified  by  the  synthesis  of  Boc- 
Phe'F(CH2CH2)Val  and  Boc-Trp'F(CH2CH2)Val  below. 

Results  and  Discussion 

The  required  protected  amino  sulfones  were  accessible  [4],  horn  commercially 
available  Boc-amino  alcohols  [3]  1,  (Scheme  1)  usually  in  two  steps  [6]  by  treatment 
with  tributylphosphine/diphenyldisulfide  to  form  the  corresponding  phenylsulfides, 
followed  by  mCPBA  oxidation  to  the  desired  sulfones  2.  The  key  coupling  step  was 
carried  out  by  addition  of  the  acrylate  3  [7]  to  the  dianion  of  sulfbne  2,  generated 
with  n-butylhthium  in  the  presence  of  2  equivalents  of  HMPA  at  -30°.  The  resulting 
set  of  four  diastereomeric  phenylsulfones  4  was  not  normally  characterized  further, 
but  was  instead  subjected  directly  to  reductive  desulfonylation  with  sodium  amalgam 
in  phosphate  buffered  methanol  [8]  to  give  esters  5.  In  the  case  of  tryptophan 
analogs,  these  reaction  conditions  also  conveniently  removed  the  indoiyl  (Boc) 
protecting  group.  Saponification  with  methanolic  potassium  hydroxide  afforded  the 
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desired  Boc-protected  isos  teres  6.  Based  on  NMR  analysis  after  conversion  to  the 
cyclic  lactam  derivatives  7  [9],  no  stereochemical  induction  occurred  during  the 
Michael  addition  and  a  1:1  mixture  of  diastereomers  at  the  a-carbon  was  obtained. 
Although  a  method  for  the  separation  of  such  diastereomers  via  cyclic  amides  7  has 
been  reported  [9],  we  generally  prefer  to  delay  separation  until  after  incorporation  of 
the  isos  teres  into  peptides. 


Scheme  1 


X.Et 
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2 


KOH.MeOH.  70-75% 


In  conclusion,  we  have  developed  a  short  and  efficient  method  for  the  synthesis 
of  Boc  protected  "carba"  peptide  isosteres.  Incorporation  of  these  and  other  isos  teres 
into  longer  peptides  and  biological  evaluation  are  in  progress. 
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4.  (a)  Lehman  de  Gaeta,  L.S.Czamiecki,  M.  and  Spaltenstein,  A.,  J.  Org.  Cbem.,  34 
(1989)  4004.  (b)  Spaltenstein,  A.,  Carpino,  P.A.,  Mijake,  F.  and  Hopkins,  P.B.,  J. 
Oig.  Cbem.,  52  (1987)  3759. 

5.  For  amino  alcohols  which  are  not  commercially  available,  we  prefer  the  mixed 
anhydride  methodology  of  Ishizami  et  al  (Ishizunri.  K.,  Koga,  K.  and  Yamada,  S.-l., 
Cbem.  Pharm.  Bull.,  16  (1968)  492)  for  the  reduction  of  the  corresponding  Boc 
protected  amino  acids. 

6.  In  the  case  of  tryptophan,  protection  of  the  oxidatively  labile  indole  moiety  with 
Boc  is  required  prior  to  treatment  with  mCPBA. 

7.  Ethyl  2-isopropyiacrylate  was  prepared  from  diethyl  isopropylmalonate  by 
monohydroiysis,  followed  by  treatment  with  formaldehyde/pipiridine  in  refluxing 
pyridine. 

8.  Both,  the  addition  of  phosphate  to  the  reaction  mixture  as  well  as  conducting  the 
desulfonylatiof!  at  0°  are  necessary  to  suppress  the  formation  of  alkene  8  to  less 
than  5%.  The  unbuffered  reaction  at  23°  leads  to  40-60%  elimination  product. 

9.  Cyclizations  woe  carried  out  by  treating  the  esters  5  with  TFA,  followed  by  beating 
in  pyritBne  [3a,b]. 
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Introduction 

Many  biologically  active  peptides  have  die  a-amide  structure  at  their  C-termini, 
and  in  most  cases  the  amide  structure  is  essential  for  their  biological  activities. 
These  amidated  peptides  cannot  be  directly  produced  with  microorganisms  by  means 
of  recombinant  DNA,  since  microbes  lack  the  function  of  the  post-translational 
mechanism  to  form  the  C-terminus  amide.  The  free  acid  form  of  an  expressed  pepdde 
must  therefore  be  converted  to  the  amide  form  by  an  in  vitro  amidation  process. 
Enzymatic  coupling  of  an  amino  acid  amide  (AA-NH2)  to  the  C-terminus  of  a 
precursor  peptide  has  been  known  as  one  of  such  in  vitro  amidation  methods. 
However,  its  application  was  limited  only  for  short  oligopeptides,  because  non- 
selective  transpeptidation  reactions,  which  we  due  to  the  broad  specificities  of  the 
peptidases  in  common  use,  were  associated  with  the  coupling  reaction  to  give  various 
by-products.  To  overcome  this  drawback  of  the  conventional  enzymatic  coupling,  we 
have  examined  the  use  of  specific  endopeptidases  rather  than  the  peptidases  with  broad 
specificities.  We  report  here  prolyl  endopeptidase  (PEP)  [1]  and  arginyl 
endopeptidase  (AEP)  were  successfully  applied  to  the  enzymatic  coupling  for  the  in 
vitro  amidation  of  acid  form  precursors  of  clinically  useful  peptides. 

Resalts  and  Die cession 

Since  both  LH-RH  and  oxytocin  have  a  proline  residue  near  the  C-terminus, 
they  are  subjected  to  specific  cleavage  with  PEP  to  give  a  large  AMerminus  fragment 
terminated  with  the  proline  residue  and  the  rest  containing  the  C-terminus  amide.  We 
prepared  these  a-amidated  peptides  by  the  enzymatic  coupling  in  the  reverse  manner 
of  the  hydrolytic  cleavage,  in  the  case  of  LH-RH,  G-NH2  was  coupled  to  the  N- 
terminal  nonapeptide  <EHWSYGLRP  (1  mM)  with  recombinant  PEP,  which  was 
cloned  [2]  and  expressed  in  £  coli  by  us.  The  reaction  proceeded  rapidly  even  with  a 

r-PEP 

<EHWSYGLRP-OH  +  H-G-NHe  ■■■-■—■+-  <EHWSYGLRPG-NH2 

LH-RH 

H-CYIQNtijP-OH  +  H-LG-NH2  !^EP.  *•  H-6YIQN6PLG-NH2 

Oxytocin 
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reaction  of  LH-RH<  1-9)  with  Cty-NH > 

catalytic  amount  of  PEP  (0.08  pM)  at  30°C  to  give  LH-RH  in  the  equilibrium  with 
the  precursor.  The  concentration  of  G-Nl^aad  pH  significantly  affected  conversion 
of  the  precursor  to  LH-RH  (Figure  1)  and  the  maximum  conversion  of  45%  was 
attained  with  2.5  M  of  O-NH2  at  pH  6.5-7.0.  To  improve  the  conversion  water- 
miscible  organic  advent  was  added  to  the  reaction  mixture.  Among  the  examined 
solvents  glycerol  was  found  to  be  most  effective  with  PEP;  the  conversion  reached 
67%  in  6M  (v/v)  glycerol  (Figure  1).  PEP  catalyzed  the  coupling  reaction  so 
selectively  that  no  side  product  was  detected  in  the  HPLC  analysis  of  the  reaction 
mixture  (Figure  2).  Since  the  unreacted  substrate  was  easily  recovered  in  the 
purification  of  the  produced  LH-RH,  its  chemical  yield  was  quantitative  (>95%)  on 
the  basis  of  die  consumed  substrate. 

In  the  similar  manner  to  LH-RH,  oxytocin  was  obtained  selectively  by  the 
coupling  of  LG-NH2  to  the  precursor  fragment,  CYIQNCP.  With  0.13  pM  (0.5 
unit/ml)  of  r-PEP  die  precursor  (1  mM)  was  converted  to  oxytocin  at  30°C.  The 
maximum  conversion  was  observed  with  0.8  M  LG-NH2  at  pH  6.0-7. 0,  but  it  was 
rather  unsatisfactory  (27%)  in  die  absence  of  an  organic  solvent.  The  addition  of 
glycerol  was  found  to  be  effective  also  for  the  improvement  of  die  conversion  to 
oxytocin  and  the  best  conversion  of  55%  was  attained  with  60%  glycerol. 

AEP  was  employed  to  prepare  vasopressin  by  die  coupling  of  G-NH2  to  its 
precursor  fragment  terminated  with  an  arginine  residue,  CYFQNCPR.  AEP,  as  well 
as  PEP,  catalyzed  the  coupling  reaction  very  selectively  to  give  vasopressin  without 

H-CYFQNCPR-OH  +H-G-NH2  H-CYFQNCPTO-HHg 

forming  any  by-product.  Prom  1  mM  of  the  precursor,  vasopressin  was  obtained  in  a 
51%  conversion  with  4.0  M  G-NH2at  pH  7.0  by  use  of  2.1  )lM  AEP.  Although 
PEP  was  found  to  lose  activity  in  die  presence  of  a  low  concentration  of  a  chaotropk 
solvent  such  as  DMF  rad  DMSO,  AEP  was  quite  tolerant  for  the  chaotropic  solvent 
and  allowed  its  addition  to  the  reaction  mixture  at  a  high  concentration.  DMSO  was 
especially  effective  for  the  AEP-catalyzed  coupling  reaction,  and  die  maximum 
conversion  of  79%  was  in  45%  DMSO  with  2.0  M  G-NH^at  pH  7.0. 
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Fig.  2.  HPLC  analysis  of  the  coupling  reaction  of  LH-BH(  1-9)  with  Gly-NHj.  Conditions 
for  HPLC:  Cobamv  YMC-Pack  ODS-AM  AM-302  (4.6  x  150  mm) i  Mobile  phase:  A;  0.1 % 
TFA  in  5%  (vA>)  acetonitrile;  B:  0.1 %  TFA  in  55%  (v/v)  acetonitrile.  Gradient:  10-90%B 
in  40  min.  Flow  rate:  1  mlAnin.  Detection:  280  nm. 

For  in  vitro  amidatkm  of  die  acid  form  of  a  precursor  peptide,  enzymatic 
coupling  with  an  amino  acid-amide  (or  a  dipeptide-amide)  was  examined  by  use  of  a 
specific  endopeptidase.  Without  any  by-product  LH-RH  and  oxytocin  were  prepared 
with  r-PEP  and  vasopressin  with  AEP,  demonstrating  an  advantage  over  conventional 
methods  by  use  of  non-specific  peptidases.  Since  cndopeptidases  specific  for  a  single 
amino  acid  residue,  e.g.,  PEP  and  AEP,  have  been  intensively  studied,  the  enzymatic 
coupling  would  increase  its  usefulness  as  an  in  vitro  amidation  method  of 
recombinant  precursor  peptides. 
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Introduction 

Cytochrome  £  is  one  of  the  most  intensively  studied  proteins  and  has  been  a 
subject  of  structural  engineering  by  both  semisynthetk  and  genetic  methods  [1],  It 
functions  as  a  mobile  surface-associated  electron  carrier  between  major  multienzyme 
proton  pumps  in  the  respiratory  chain  of  die  mitochondrial  inner  membrane  and  thus 
possesses  the  essential  attributes  of  a  high  and  stable  redox  potential,  interaction 
surfaces  for  many  physiological  partners,  and  rapid  electron  transfer  through 
electrostatic  steering  and  special  conductance  pathways;  all  conferred  by  a  polypeptide 
chain  of  103-112  residues.  Of  these  some  21  are  absolutely  conserved  and  thus 
particular  targets  for  protein  engineers.  Two  conserved  residues,  Asn70  and  Pro71,  are 
not  associated  with  any  of  the  above-mentioned  functions  and  thus  may  be  crucial  to 
the  maintainence  of  the  active  conformation  of  the  protein:  the  characteristic 
'cytochrome  fold'  is  evident  even  in  bacterial  cytochromes  with  different 
physiological  roles.  Possible  structural  roles  are  the  rectification  of  the  bend 
between  die  60s  and  70s  helices  (Asn-Pro  we  the  optimal  residues  for  an  Asx-tum 
[2])  or  stabilization  of  die  helices  themselves  by  capping  [3],  or  both.  We  set  out  to 
examine  these  possibilities  by  making  synthetic  peptides  containing  the  non-coded 
amino  acids  homoserine  at  position  70,  and  norvaline  at  position  71,  for 
incorporation  into  semisynthetic  analogs  of  die  horse  sequence  using  our  previously 
published  methods  [4]. 

Resalts  aad  Discussion 

The  two  protein  analogs,  [Hse70]  cytochrome  £  and  [Nva71]  cytochrome  £  were 
obtained  in  43%  yield  from  1:1  mixtures  of  synthetic  peptides  corresponding  to 
residues  66-104  and  the  CNBr  fragment  1-63  (H)  derived  from  the  native  protein 
under  the  standard  conditions  of  autocatalytic  fragment  religation  [4].  This  simple 
and  efficient  means  of  fragment  condensation  depends  on  the  propensity  of  large 
peptides  to  complex  and  assume  the  native  conformation,  thus  bringing  the 
breakpoint  termini  into  proximity  and  catalysing  the  aminolysis  of  a  carbonyl 
activated,  in  this  case,  by  the  lactonization  of  bomoserine  generated  in  the  CNBr 
cleavage  [3].  Crude  protein  was  purified  by  cation-exchange  chromatography  and 
checked  by  high-performance  liquid  chromatographic  methods.  Purified  produces  were 
subject  to  a  wide  range  of  physicochemical  and  biological  tests.  These  included 
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comparison  of  the  visible-light  spectra  with  those  of  the  native  horse  protein,  pH 
titrations  of  certain  spectral  bands  and  redox  titrations  with  the  ferro/ferricyanide 
couple  to  determine  E'm.  Non-physiological  oxidation  and  reduction  rates,  by  O2  and 
ascorbic  acid,  respectively,  were  checked,  and  biological  assays  of  oxidation  by 
cytochrome  oxidase  and  reduction,  in  the  succinate  oxidase  system,  of  the  analogs 
were  compared  to  those  of  the  native  protein.  All  tests  were  performed  by  established 
methods  [4, 5, 6]  and  the  results  are  summarized  in  Table  1. 

The  in  vivo  assays  of  the  [Hse70]  analog  show  biological  activity  is  little 
affected  by  the  change,  but  some  structural  destabilization  is  evident  from  decreased 
resistance  to  H+  and  OH'  induced  conformational  state  change,  and  the  increased 
access  of  environmental  O2  to  the  heme  crevice.  The  effect  of  the  Pro71-»Nva 
change  is  dramatic.  The  cytochrome  is  only  slowly  reduced  by  ascorbate  and 
instantly  autoxidises.  It  has  near  zero  biological  activity.  The  visible  spectrum  is 
changed  in  significant  ways  (that  of  [Hse70]  is  not)  at  pH  7,  including  the  absence  of 
the  69S  nm  absorbance  characteristic  of  normal  heme  iron  ligation.  Most  of  the 
changes  can,  in  fact,  be  rationalized  in  terms  of  a  shift  in  pK  for  the  alkaline 
transition  from  9.2  to  5.3,  a  change  exceeded  by  no  other  analog  thus  far  studied. 
Thus,  at  pH  7,  essentially  all  the  protein  is  in  the  inert  conformational  state  IV. 

Our  data  confirm  that  both  Asn70  and  Pro71  contribute  to  the  stability  of 
cytochrome  £  and  its  heme  crevice,  though  the  effects  of  the  Asn70— »Hse  change  are 
not  so  severe  as  to  offer  an  immediate  explanation  of  Asn70>s  effective  invariance. 
However,  since  homoserine  was  deliberately  chosen  as  a  replacement  to  introduce 
only  minimal  change  (it  is  nearly  isosteric  and  isopolar),  possibly  any  natural 
substitution  would  be  more  destabilizing.  The  contribution  of  Pro71  is  very 
significant,  particularly  in  terms  of  the  preservation  of  the  normal  ligation  in  favor  of 
the  strongly  competing  alternative  that  characterizes  state  IV,  and  implies  its 
conservation  is  for  the  rigidity  imposed  at  the  right-angle  bend  between  helices  (to 
which  Asn70  probably  also  contributes)  that  establishes  the  direction  of  the  70s  loop. 
This  in  turn  will  dictate  the  relative  affinity  of  the  heme  iron  for  the  normal 
methionine  ligand  or  that  which  replaces  it,  thought  by  many  to  be  a  lysine  residue 
in  the  70s  loop.  The  availability  of  a  mutant  with  type  IV  conformation  at  pH  7 
provides  the  opportunity  for  a  structure  determination  to  clarify  this  still  perplexing 
question. 
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Introduction 

Formation  of  multiple-disulfide  bridges  is  a  common  problem  in  the  synthesis 
of  cysteine-rich  modules.  Human  blood  coagulation  factor  IX  contains  two  epidermal 
growth  factor-like  modules,  each  with  three  disulfide-bridges  (1-3, 2-4, 5-6)  [1],  There 
are  fifteen  possible  combinations  of  disulfide  bridges.  Unlike  the  N-terminal  EGF- 
like  module,  the  C-terminal  EGF-like  module  (FIXegfc)  exhibited  significant 
disulfide  bond  scrambling  under  a  wide  range  of  conventional  folding  conditions.  In 
this  work,  a  two-step  selective  formation  of  disulfide-bridge  strategy  under  FastMoc 
SPPS  has  been  developed  to  resolve  the  problem.  The  possible  disulfide-pairing 
patterns  can  be  reduced  from  15  to  3  with  this  approach. 

In  the  synthesis,  six  cysteines  are  selectively  grouped,  protected  with  two 
different  blocking-groups,  Acm  and  trityl,  and  deblocked  in  two  steps.  This  allows 
the  differently  blocked  cysteines  to  complete  the  folding  process  separately.  In  the 
initial  step,  TFA  cleavage  of  the  peptide  from  the  resin  simultaneously  deblocks  all 
the  side  chain  protecting  groups  except  Acm,  which  remains  on  two  cysteines.  Thus 
4  cysteines  with  free  sulfhydryls  may  form  two  S-S  bridges,  yielding  3  possible 
isomers.  Then  in  the  next  step,  removal  of  Acm  with  iodine  for  the  last  two 
cysteines,  allows  formation  of  the  final  disulfide  bridge  [2].  Since  the  formation  of 
the  disulfide-bridges  in  the  first-step  has  3  possibilities  while  in  the  second-step  it  is 
exclusive,  identification  of  the  folded  products  from  the  first-step  is  crucial. 
Proteolytic  digestion  combined  with  matrix-assisted  laser  desorption  mass 
spectrometry  and  HFLC  is  used  for  the  assignment  of  the  disulfide-bridge  location. 

Results  and  Discussion 

1 .  Synthesis  of  the  peptides 

The  proper  position  where  the  cysteines  should  be  blocked  with  Acm  was 
investigated.  Three  peptides.  A,  B,  C,  each  with  same  sequence  but  a  different  pair  of 
cysteines  protected  by  Acm,  were  synthesized.  The  sequence  of  the  FIX^,^  is: 
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H-UDVTCNIKNGRCEQFCKNSADNKVVCSCTEGYRLAENQKSCEPAV-OH 
1(84)  10  20  30  40  45(128) 

2.  Folding  in  the  first-step 

In  the  first-step  air  oxidation  was  used.  Peptide  solution  was  slowly  stirred  at 
room  temperature  about  24-30  hr  ami  folding  was  monitored  by  HPLC.  The  location 
of  the  disulfide  bridges  was  determined  by  proteolytic  digestion  (data  not  shown). 

Table  1  Studies  on  the  location  of  the  disulfide-bridges  in  the  first-step  folding 


Peptide 

Cys-Acm 

Expected  Two 
Disulfides 

Disulfides  Found 

A 

5,6 

1-3,  2-4 

1-2,  3-4 

B 

2,4 

1-3,  5-6 

1-3, 5-6 

C 

1,3 

2-4, 5-6 

several  isomers 

Peptide  A  generated  an  unexpected  folding  isomer.  Peptide  B  gave  a  properly 
folded  product.  In  peptide  C,  folding  yielded  a  mixture  of  several  isomers.  This 
disulfide  bond  scrambling  may  have  bom  caused  by  the  close  proximity  of  cysteines 
4  and  5. 

3.  Folding  in  die  second  step 

The  second-step  folding  was  started  by  removal  of  the  Acm  with  iodine.  Under 
inert  gas  and  avoiding  light,  I2  in  MeOH  was  added  to  the  peptide  solution  containing 
10%  HA c.  Aha  cooling  the  solution  is  ice  both,  Na-SjOj  was  added  to  react  the 
excess  I2.  The  folding  was  monitored  by  HPLC. 

An  EGF-like  module  containing  three  disulfide-bridges  has  been  synthesized 
with  two-step  selective  formation  of  disulfide  bridges,  under  FastMoc  SPPS.  This 
approach  reduced  die  possible  disulfide-pairing  patterns  from  15  to  3  in  this  peptide. 
For  FIXgopLC,  only  die  peptide  with  a  middle  pair  of  cysteines  blocked  with  Acm 
yielded  a  property  folded  product 
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Introduction 

Many  neuropeptides  and  hormones  have  an  amide  group  at  their  C- terminus, 
which  cannot  be  easily  obtained  genetically,  hence  their  chemical  synthesis  is  very 
important.  Two  linkers  [1,  2]  for  the  Fmoc  SITS  are  commercially  available, 
although  they  require  fairly  high  concentrations  of  TFA  for  complete  cleavage.  We 
have  developed  two  novel  acid-labile  linkers,  which  contain  the  10,  1  l-dihydro-5H- 
dibenzo[a,d]cycloheptene-5-yl  group  (5-dibenzosuberyl  group:  CHA),  and  the 
5-H-dibenzo[a,d]cycloheptene-5-yl  group  (5-dibenzosuberenyl  group:  CHE), 
respectively  [3].  We  have  further  evaluated  these  linkers  and  established  a 
commercial  synthesis  route  and  applied  this  to  the  synthesis  of  peptides  related  to  the 
VIP-secretin  family. 

Results  and  Discussion 

The  optimized  synthetic  routes  for  CHA  and  CHE  are  illustrated  in  Figure  1. 
CHA  was  obtained  in  90%  and  CHE  in  30%  over-all  yield  calculated  from  2- 
metoxydibenzosuberone  (MDBS),  respectively.  Both  linkers  (CHA  and  CHE)  were 
incorporated  onto  the  polyoxyethylene-polystyrene  support  and  successfully  used  for 
synthesis  of  several  peptides  using  a  newly  developed  simultaneous  multiple-peptide 
synthesizer  [4],  Shimadzu  Model  PSSM-8,  equipped  with  eight  independent  channels. 
The  linkers  were  compared  with  conventional  linke  s,  RAM,  introduced  by  Rink  [1] 
and  PAL  [2]. 

Neurokinin  A  fragment,  positions  6-10,  which  shows  biological  activity  [S], 
was  simultaneously  prepared  by  the  same  protocol  using  the  linkers  listed  in  Table  1 . 
After  completion  of  assembly  the  peptidyl  resin  was  treated  with  a  TFA-scavenger 
cocktail.  Aliquots  of  the  cleavage  mixture  woe  analysis  by  RP-HPLC  and  compared 
with  each  other.  Table  1  shows  the  half  life  time  and  complete  time  for  cleavage. 
The  results  show  that  CHA-and  CHE-peptide  can  be  easily  cleaved  in  a  lower 
concentration  of  TFA.  Disadvantage  of  PAL-linker  are  undesirable  isomer  formation 
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in  its  preparation,  k>w  over-all  yield,  and  the  side  reactions  during  storage  of  PAL* 
resin  reported  by  A.  Lobbia  and  W.  Schafer  (personal  communication]. 

Table  1  Cleavability  of  C-terminal  amide  linkers 


90%  TFA 

25%  TFA 

Half  Life  Time 

Complete  Time 

Complete  Time 

CHA 

- 1  min 

5  min 

15  min 

CHE 

~  1  min 

<  5  min 

7  min 

RAM 

22  min 

50  min 

<  60  min 

PAL 

17  min 

45  min 

<  60  min 

PHI,  Secretin,  PACAP-38  and  GRF  were  successfully  synthesized  using  these 
novel  linkers  and  easily  purified  by  a  single  step  of  RP-HPLC.  The  peptides  were 
analyzed  by  LSIMS,  HPLC,  sequencing  and  amino  acid  analysis,  and  found  to  be 
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Fig.  1.  Synthetic  route  for  CHA-  and  CHE-linkers. 
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higMylwwogflBPQUs.  As  an  tatmapie  HPLC  profiles  of  ORF  using  CHA  and  CHE 
are  shown  w  Figure  2. 


fig.  2.  RP-HPLC  of  crude  GRF  (44  AA).  Column:  SynProPep  RPC  18  (4.6  x  150  mm); 
Eluent:  0.01N  HCVCH}CN=8(V20-50/50  (30  min);  Flow  rate:  1.0  mlAnin;  Absorbance 
210  nm. 

As  CHE  was  not  particularly  stable  during  storage  at  room  temperature  and 
over-all  yield  was  much  lower,  we  have  concluded  that  CHA  is  a  superior  linker  for 
preparation  of  peptide  amides  which  contains  acid  labile  residues  such  as  Tip  and/or 
TyrfSOjH). 
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Introduction 

A  fully  automated  multichannel  peptide  synthesizer  has  been  constructed  which 
performs  the  simultaneous  and  rapid  assembly  of  peptides  on  a  20  to  200  pinole 
scale.  In  situ  activation  of  amino  acids  using  BOP  or  PyBOP  was  chosen  to  give  an 
optimized  coupling  chemistry.  Specially  designed  blocks  of  valves  with  a  zero  dead 
volume,  combined  with  an  original  circuitry,  permit  the  distribution  of  amino  acids 
derivatives  and  reagents  pre -dissolved  in  DMF.  Either  Boc  or  Fmoc  chemistry  can  be 
adapted  on  the  synthesizer.  In  Boc  synthesis  a  very  rapid  protocol  involving  Boc 
group  deprotection  in  neat  TFA  followed  by  the  concomitant  steps  of  neutralization 
and  coupling  allow  the  addition  of  three  amino  acids  per  hour  on  each  channel.  In 
Fmoc  chemistry  we  have  integrated  into  the  synthesizer  an  automatic  TFA  cleavage 
system  which  allows  the  peptides  to  be  cleaved  from  the  resin  directly  in  the  reactors 
used  for  synthesis.  The  stability  of  the  Fmoc  amino  acid  derivatives  in  solution  in 
DMF  was  investigated  and  decomposition  was  found  to  be  insignificant  during  the 
time  •  span  of  a  synthesis.  The  satisfactory  performance  of  the  instrument  was 
demonstrated  by  routine  synthesis  of  10  -  40  mer  peptides. 

Results  and  Discussion 

The  core  of  the  multichannel  synthesizer  are  new  and  highly  reliable  blocks  of 
valves  with  a  zoo  dead  volume  (Patented).  Each  block  is  a  monolithic  construction, 
consisting  of  several  electrovalves.  It  is  provided  with  a  PTFCE  -  manifold  body,  in 
which  a  number  of  cells  have  been  processed.  A  schematic  diagram  of  the  body  of  a 
zero  dead  volume  3  valve  block  is  illustrated  in  Figure  1.  Every  cell  is  equipped  with 
a  chamber  providing  a  central  inlet  (Rl)  with  a  truncated  cone  section,  and  with  an 
eccentric  bore-hole  providing  an  outlet  (R2)  at  tire  chamber  bottom.  A  distribution 
channel  connects  the  R2  cell  outlets.  Each  cell  is  covered  by  a  diaphragm  which 
seals  the  Rl  outlet  by  means  of  the  driving  power  of  type  127  Bttrkert  actuator. 
Each  valve  cell  is  free  of  dead  volume,  the  cell  being  completely  closed  by  the 
diaphragm  when  the  valve  is  de-energized.  The  standardized  zero  dead  volume  valve 
block  is  available  with  2  to  10  independent  inlets  and  outlets. 

Combined  with  an  original  circuitry,  a  series  of  valve  blocks  permit  the  amino 
acid  derivatives  and  reagents  to  be  transferred  to  different  reaction  vessels  (4  on  the 
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prototype  and  8  on  the  Industrial  machine)  without  cross  contamination.  The 
automatic  module  for  delivery  of  amino  acids  is  illustrated  in  Figure  2. 


Fig.  1.  Schematic  diagram  of  the  body  of  a  zero  dead  volume  3  valve  block. 


Fig.  2.  Diagrammatic  representation  of  the  module  for  delivery  of  amino  acids. 

Protected  amino  acids  are  pie-dissolved  in  DMF  at  a  concentration  of  0.25  M  in 
40  ml  conical  glass  tubes.  Solutions  of  0.5  M  BOP  and  1.0  M  or  1.5  M  DIEA  in 
DMF  are  also  prc-prepared.  All  these  solutions  are  then  maintained  and  delivered 
under  a  nitrogen  pressure  of  250  ±0. 1  mbar.  This  highly  stabilized  nitrogen  pressure 
is  obtained  by  virtue  of  a  medium  pressure  delivery  unit  and  allows  accurate  time- 
controlled  delivery  of  reagents.  Amino  acids  are  then  delivered  to  the  reaction  vessels 
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through  a  series  of  blocks  of  valves  with  zero  dead  volume  as  illustrated  for  the 
loading  of  amino  acid  AA1  shown  as  a  dotted  line  in  Figure  2.  The  amino  acid  is 
selected  from  the  bank  of  stock  solutions  by  a  series  of  valves  (one  for  each  AA) 
comprising  four  blocks  of  six  valves  to  accommodate  all  the  amino  acids.  A 
dispenser  selector  valve  block  controls  which  of  the  four  groups  is  used,  thus 
permitting  the  sequential  transfer  of  selected  amino  acid  to  the  desired  reaction  vessel 
through  a  reaction  vessel  selector  valve  block  as  well  as  the  corresponding  activation 
valve  block.  The  transfer  line  from  the  amino  acid  dispenser  valve  Mock  to  the 
activation  valve  Mock  is  rapidly  cleaned  with  a  series  of  flow-washes  of  DMF  before 
and  after  the  transfer  of  the  protected  amino  acid  solution.  Activation  reagents  (BOP 
and  DIEA)  are  then  delivered  simultaneously  to  each  reaction  vessel  through  the 
activation  valve  blocks. 

For  Fmoc  chemistry  an  integrated  TFA  cleavage  and  deprotection  system 
permits  the  automatic  collection  of  the  crude  peptides.  The  cleavage  reagent  is  placed 
separately  in  a  conical  glass  tube  (40  ml)  under  nitrogen  pressure  (300  mbar)  and 
connected  to  a  multichannel  cleavage  mixture  dispenser.  The  acidic  mixture  is  then 
distributed  to  each  reaction  vessel  via  the  deprotection/cleavage  valve  blocks.  This  is 
followed  by  extensive  washing  of  the  circuitry  with  methanol  (10  ml/channel).  The 
lower  part  of  the  reaction  vessel  is  equipped  with  a  zero  dead  volume  2  valve  block 
open  to  waste  during  amino  acid  assembly,  or  to  “collect”  during  the  cleavage 
program  resulting  in  collection  of  the  cleaved  peptide. 

We  have  developed  and  constructed  a  multichannel  peptide  synthesizer  which  is 
adaptable  to  both  Boc  and  Fmoc  chemistry  [1].  Until  now,  two  main  types  of 
peptide  synthesizers  have  been  described,  i.e.,  monosynthesizers  which  can  perform 
the  rapid  assembly  of  a  single  peptide,  and  robotic  workstations  which  perform  the 
assembly  of  dozens  of  peptides  over  several  days.  We  describe  here  a  new  type  of 
machine  which  performs  the  simultaneous  and  rapid  assembly  of  peptides  (not 
subject  to  the  problems  of  Fmoc  amino  acid  degradation  at  least  for  peptides  30-40 
residues  long)  and  which  allows  a  great  flexibility  of  production  of  peptides  at  a  very 
low  cost. 
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Introduction 

There  is  an  urgent,  ever-increasing  need  for  peptides  in  drug  discovery  and 
research  programs,  for  developing  monoclonal  antibodies  and  vaccines  as  well  as  in 
diagnostics  and  therapeutics.  More  and  more  peptides  with  unusual  amino  acids, 
modified  peptide  bonds,  linker  or  spacer  molecules,  and  peptide  mimetics  are  being 
prepared.  Great  progress  has  also  been  made  in  the  development  of  antagonists  and 
inhibitors  of  biologically  active  peptides.  The  demand  exists  for  new  strategies, 
faster  syntheses,  better  coupling  reagents  and  protecting  groups  and  especially  for 
methods  for  simultaneous  preparation  and  analysis  of  very  large  numbers  of  peptides 
in  a  short  time. 

Automated  peptide  synthesizers  were  recently  developed  [1]  which  utilize  known 
valving  and  agitation  systems  and  are  limited  to  the  synthesis  of  three  peptides 
without  reprogramming.  Here  we  report  the  use  of  an  improved  prototype  of  a  fully 
automatized  computer  controlled  peptide  synthesizer  with  a  robotic  device  for  liquid 
transfer  and  with  a  motorized  orbital  shaker  for  resin  agitation.  After  cleaving  the 
peptide  from  the  resin  and  removing  the  side  protecting  groups,  a  simple  Sep-Pak 
purification  step  usually  gave  the  desired  peptides  with  a  95%+  quality,  satisfactory 
for  most  biological  investigations. 

Results  and  Discussion 

The  ACT  Model  350  peptide  synthesizer  first  described  by  Groginsky  [2]  is 
equipped  with  a  computer  controlled  orbital  shaker  and  a  high  density  polyethylene 
work  table  resistant  to  solvents  and  reagents.  We  applied  FMOC-based  chemistry 
and  utilized  both  DIC/HOBt  and  TBTU  activation  for  the  simultaneous  synthesis  of 
up  to  %  peptides. 

The  FMOC-protected  amino  acids  were  stored  in  stock  solutions  and  were 
transferred  to  small  reactor  tubes.  Only  DMF  was  used  as  system  fluid  for  washings. 
Table  1  below  shows  the  protocol  followed  during  the  synthesis: 
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Table  1  Synthesis  protocol 


Step 

Reagent 

Time 

Repetition 

25%  Piperidine/OMF 

lmin 

1 

10  min 

1 

2  Wash 

DMF 

4  min 

8 

3  AA  Addition 

Stock  solutions 

3  min 

1 

8-10  X  excess 

4  Activation 

Equimolar  CSC/HOB  t 

1 

5  Coupling 

20  min 

2 

6  Wash 

DMF 

4  min 

7 

7  Acetylation 

30%  AC 20  in  DMF 

10  min 

1 

(Optional) 

8  Wash 

DMF 

4  min 

7 

Twenty-four  hour  per  day  operation  is  possible.  After  die  initial  calculations 
sad  set-up,  only  replenishing  of  solves*  solution  (DMF)  and  amino  acids  is  required. 
Technician  time  amounts  to  under  10%  of  the  total  operating  time.  Despite  die  huge 
excess  of  FMOC-amino  acids  used  in  each  coupling  reaction,  the  cost  per  cycle  is 
very  low  due  to  the  small  quantities  of  solvents  and  reagents  consumed.  After  the 
final  FMOC  deprotection,  resins  are  washed  with  MeOH  and  ether  and  dried  in  high 
vacuo.  Since  TFA  cleavage  (scavengers  are  usually  added  depending  on  the  peptide 
sequence)  is  done  in  the  same  tube  as  the  synthesis,  automation  is  possible  at  this 
step,  too.  The  precipitated  and  lyopfaibzed  peptides  are  resolubilized  and  applied  onto 
Sep-Pak  cartridges.  Depending  on  the  component  of  interest,  various  cartridges  can 
be  used. 

The  chemically  filtering  C18  Sep-Pak  Plus  Cartridges  with  long  body  proved  to 
be  the  most  useful  for  peptides.  The  luer  fittings  for  connection  to  pumps  and 
vacuum  manifolds  can  easily  serve  for  further  automatization.  Changing  the  eluting 
MeCN  concentration  in  3  steps  (10%,  25%,  40%),  purity  of  85-92%  erode  peptides 
can  easily  be  increased  up  to  97-98%,  enough  for  most  in  vitro  and  in  vivo  studies. 

References 

1 .  Jung,  G.  and  B«ck-Sickinger,  AG.,  Aagewandte  Chemie,  31  (1992)  367. 

2.  Groginsky,  CM.,  Aaer.  Biotech.  Lab.,  8  (1990)  13. 


Orthogonal  solid-phase  synthesis  of  bicycHc 
analogues  of  a-conotoxin  SI 

NA.  SoK1,  SA.  Katas2,  F.  Albericto2  and  G.  Barany1 

1  Department  of  Chemistry,  University  of  Minnesota, 
Minneapolis,  MN  55455,  U.SA.,  and  2Millipore  Corporation, 
75 A  Wiggins  Avenue,  Bedford,  MA  01730,  U.SA. 


Introduction 

Conotoxins  are  a  family  of  small,  multiple  disulfide-containing  peptides 
isolated  from  the  venom  of  marine  snails,  and  are  of  interest  because  they  are 
competitive  antagonists  of  nicotinic  acetylcholine  receptors  [1],  Recent  work  from 
one  of  our  laboratories  [2]  evaluated  several  regioselective  routes  to  the  synthesis  of 
a-conotoxin  SI,  which  has  the  sequence  H-Ile-Cys-Cys-Asn-Pro-Ala-Cys-Gly-Pro- 
Lys-Tyr-Ser-Cys-NHj  and  disulfide  bridges  connecting  Cys2  with  Cys7  and  Cys3  with 
Cys13.  In  other  ongoing  work,  we  have  optimized  orthogonal  solid-phase  procedures 
for  the  construction  of  side-chain  lactams  by  an  Fmoc/fBu/allyl  protection  strategy 
[3],  The  present  contribution  demonstrates  and  contrasts  several  strategies  for  the 
preparation  of  analogues  in  each  of  which  one  of  the  disulfide  bridges  of  a-conotoxin 
SI  is  replaced  by  a  side-chain  lactam  between  Glu  and  Lys:  Analogue  1:  Glu2  with 
Lys7;  analogue  2:  Glu3  with  Lys13;  analogue  3:  Lys2  with  Glu7;  and  analogue  4: 
Lys3  with  Glu13. 


Resalts  aad  Discussion 

Linear  chain  assembly  proceeded  smoothly  by  Fmoc  chemistry  on 
trisfalkoxy )benzy lamide  (PAL)  polyethylene  glycol-polystyrene  (PEG-PS)  graft 
supports  [4],  There  followed  resin-bound  selective  removal  of  the  allyl  ester  and 
urethane  respectively  protecting  Glu  and  Lys,  using  PdfPPhj^  (4  equiv)  in  NMM- 
HOAc-DMF  (1:2:10),  3  h  at  25°C  under  Ar  (followed  by  washings  with  a  solution 
of  DEEA  (0.5%  v/v)  and  sodium  diethyldithiocarbamate  (0.5%  w/v)  in  DMF).  Next, 
side-chain  cyclization  was  mediated  by  a  number  of  activating  reagents  in  DMF.  The 
best  cyclization  yields  (75  to  95%)  were  achieved  upon  1  h  activation  at  25°C  with 
BOP/HOBt/NMM  (1:1:2),  PyBOP/HOBt/NMM  (1:1:2),  HBTU/NMM  (1:2),  and 
particularly  HATU/NMM  (1:2).  (HATU  is  a  new  activating  agent;  see  ref.  5.) 
Monocyclic  monomers  were  the  predominant  products,  but  some  cyclodimerization 
also  occurred  under  these  conditions,  as  judged  by  gel  filtration  on  Sephadex  G-25  and 
FABMS.  The  solid-phase  cyclization  to  form  lactams  proved  to  be  sequence- 
dependent,  with  the  small  loop  (e.g.,  analogues  1  and  3)  forming  relatively  quickly, 
whereas  dosing  of  the  large  loop  (e.g.,  analogues  2  and  4)  was  slower  with  possible 
side  reactions.  The  carboxyl  component  of  the  lactam  can  be  interchanged  without 
affecting  rales. 
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Syntheses  continued  by  removal  of  the  ^-terminal  Pmoc  group,  and  then  a 
TFA/scavenger  cocktail  [Reagent  K,  TFA-phenol-water-thioanisole- 
1 ,2-ethanedi thiol  (82.5:3:5:5:2.5),  or  Reagent  B,  TFA— phenol— water— tri(iso- 
propyl)silane  (88:5:5:2)],  for  2  to  3  h  at  25°C,  released  peptide  chains  from  the 
support  concomitant  with  deblocking  of  Cys(Trt).  Finally,  the  single  disulfide 
bridge  in  these  analogues  was  closed  in  dilute  pH  8  solution  (1  pM  peptide)  by  air 
oxidation,  5  h  to  3  d  at  2S°C.  As  with  lactamization,  disulfide  bicyclization  was  also 


Retention  time  (nrin) 

Fig.  1.  HPLC  chromatograms  of  peptides  directly  after  cleavage.  HPLC  was  carried  out  on 
a  CI8  reversed-phase  column  (0.46  x  25  cm),  eluted  with  a  linear  gradient  of  0.012  N  aq. 
HCl  and  CHyCN  (9:1  to  3:2,  over  30  mm),  flow  1  mUmin,  detection  214  nm.  Panels  A 
and  B  are  respectively  analogues  1  and  2.  Starting  from  bottom  are  shown  protected 
intermediate  (Al,  Aloe,  two  SH),  flee  peptide  (SH  form),  monocyclic  lactam  (SH  form),  and 
bicyclic  compound  (lactam  and  S-S). 


All  desired  intermediates  and  products  from  these  syntheses  were  obtained  with 
excellent  initial  purities,  as  judged  by  reversed-phase  HPLC  (Figure  1)  and  gel 
filtration,  and  by  analytical  characteristics  including  FABMS.  Isolated  yields  after 
preparative  chromatography  woe  in  the  range  of  40  to  60%. 
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Introduction 

Due  to  their  restricted  conformational  flexibility,  cyclic  peptides  are  of  great 
interest  in  connection  with  structure-activity  relationships,  especially  the  elucidation 
of  bioactive  conformations. 

The  aim  of  the  present  study  was  to  compare  the  utility  of  various  coupling 
reagents  for  peptide  cyclization,  including  some  newly  developed  reagents  based  on  1- 
hydroxy-7 -azabenzodiazole  (HO At)  [1, 2]. 

Results  and  Discussion 

Using  the  linear  GnRH -derived  decapeptide  3  as  a  model,  it  was  found  that  the 
newly  developed  uranium  salts  I  (HAPyU)  and  2  (TAPipU)  [2],  were  highly 
effective  for  the  cyclization  (Figure  1  A).  These  reagents  led  to  complete  cyclization 
within  less  than  30  min  at  a  peptide  concentration  of  1.3  mM,  whereas  TBTU, 
TOPPipU  [3]  and  DPPA  gave  only  60%,  10%  and  12%  cyclization,  respectively.  A 
10% -excess  of  1  or  2  was  found  to  be  sufficient  for  quantitative  ring  closure.  The 
pyrrolidine  salt  1  proved  to  be  more  active  than  the  piperidine  analog  2. 

The  cyclization  was  considerably  accelerated  by  increasing  the  peptide 
concentration.  Thus,  the  linear  decapeptide  was  cyclized  within  2  min  at  a  peptide 
concentration  of  0.1  M  when  reagents  1  and  2  were  used.  Suiprisingly,  even  at  high 
peptide  concentrations  (0.1  -  0.2  M),  no  intermolecular  reaction''  were  observed, 
indicating  that  at  least  for  the  bead-to-tail  and  side-chain  cyclization*  studied, 
application  of  the  principle  of  dilution  is  not  required. 
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Fig.  1.  Comparison  of  different  coupling  reagents  for  peptide  cyclization  step. 
A:  Cyclization  of  l  c=0.00I5  M);  B:  Cyclization  of±  (c=O.OI  M);  £•  H-Nal-D-Cpa-D- 
Pai-Gln-Tyr-D-Arg-Leu-Arg-Pro-Lys(Ac)-ON;  £‘H-Val-Arg-Lys(Ac)-Ala-Vat-Tyr-OH. 

Linear  hexapeptides,  constructed  exclusively  from  L-amino  acids  and  not 
containing  glycine  or  proline,  are  known  to  cause  problems  during  attempted  ring 
closure  reactions  [4].  Indeed,  our  attempts  to  cyclize  the  hexapeptide  4,  (10_2M) 
failed,  when  BOP  and  TBPipU  [5]  were  used  (Figure  IB).  A  moderate  yield  (25%) 
was  obtained  by  use  of  compound  2.  The  cyclization  is  however  accompanied  by 
extensive  racemization  (BOP  24%,  TBPipU  7%,  TAPipU  8%)  of  the  C -terminal 
tyrosine  residue.  In  remarkable  contrast  to  these  results,  with  HAPyU,  1,  die  all  L- 
cyclohexapeptide,  was  formed  in  55%  yield  within  30  min  and  less  than  0.5%  of  the 
I>Tyr-isomer  was  detected  in  die  reaction  mixture. 

These  results  demonstrate  the  superiority  of  coupling  reagents  derived  from  1- 
hydroxy-7-azabenzotri azole,  especially  HAPyU,  1,  for  promoting  peptide  cyclization 
quickly  and  with  a  minimum  of  racemization. 

Naturally,  even  these  new  activating  agents  cannot  overcome  difficulties  arising 
from  unfavourable  conformations  of  linear  pentapeptides  devoid  of  glycine  and 
proline  and  containing  only  L-amino  acids  [6].  Thus,  our  initial  attempts  to  cyclize 
H-Arg-Lys(Ac)-Ala-Val-Tyr-OH  using  HAPyU  1  resulted  predominantly  in  the 
formation  of  the  corresponding  dimer  and  cyclodimer. 
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Introduction 

GPHbffla  is  an  integrin  found  on  the  surface  of  platelets  [1]  which  has  been 
shown  to  bind  fibrinogen  [2]  and  other  adhesion  proteins.  These  proteins  contain  the 
Arg-Gly-Asp  (RGD)  sequence,  which  is  a  critical  recognition  site  for  GPIIblDa  [3], 
Since  cyclic  peptides  containing  the  RGD  sequence  have  been  shown  to  retain 
significant  affinity  for  GPDDbllla  [4,  S]  we  sought  to  develop  a  strategy  for 
incorporating  localized  conformational  constraints  into  a  peptide  chain  by  cyclization 
of  a  side  chain  onto  the  peptide  backbone.  The  y(CH2NH)  reduced  amide  bond 
provides  a  convenient  and  reactive  moiety  in  the  peptide  backbone  which  can  be 
covalently  linked  to  a  side  chain  such  as  an  Asp  or  Glu.  Depending  upon  the 
synthetic  strategy,  the  2°  amine  of  the  y(CH2NH)  moiety  (see  compound  9  in 
Scheme  1)  can  be  extended  by  either  acylation  or  reductive  alkylation.  Since  the 
conformational  constraint  has  beat  introduced  using  a  side  chain  functionality,  the  C- 
tenninus  could  also  be  extended  by  replacing  the  benzyl  amide  with  an  amino  acid  or 
peptide.  Cyclic  peptides  containing  the  RGD  sequence  were  chosen  as  the  test 
system  for  this  cyclization  strategy. 

Results  and  Discussion 

The  cyclic  peptides  were  synthesized  by  the  general  methodology  shown  in 
Scheme  1.  The  first  two  residues  were  incorporated  as  a  dipeptide  which  was  coupled 
through  the  side  chain  carboxylic  acid  to  Kaiser's  oxime  resin  [6, 7].  This  dipeptide 
was  prepared  by  standard  solution  phase  methods.  The  N-terminus  was  then  extended 
using  the  solid  phase  technique  with  iterative  deprotection  and  coupling  of  N-t-Boc 
protected  amino  acid  symmetrical  anhydrides.  Removal  of  the  amino  terminal  Boc 
group  allowed  die  simultaneous  cyclization  of  the  peptide  and  the  cleavage  of  die 
peptide-resin  bond  [8],  This  methodology  was  used  to  prepare  the  compounds  shown 
in  Tables  1  and  2.  The  data  shown  in  Table  1  were  used  to  optimize  the  structure  of 
the  cyclic  peptide  prior  to  initiating  the  synthesis  of  compounds  containing  die 
trfCHjNH)  moiety  shown  in  Table  2.  These  peptides  were  prepared  analogously 
except  that  the  last  residue  was  incorporated  as  an  N-t-Boc-amino  aldehyde  by 
reductive  alkylation  of  the  amino  terminal  arginine  using  sodium  cyanoborohydridc 
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[9],  The  cyclic  peptide  with  intact  side  chain  protecting  groups  was  further  derivatized 
at  the  lyfCHjNH)  moiety  by  either  reductive  alkylation  or  by  acylation.  In  all  cases, 
the  cyclic  peptides  were  globally  depretected  using  anhydrous  HP  and  purified  by  RP- 
HPLC.  In  vitro  activity  is  reported  as  the  ability  to  block  GPHbllla  binding  to 
fibrinogen  in  an  ELISA  and  to  inhibit  ,25I-fibrinogen  binding  to  GPHbllla  [10]. 

Scheme  1  General  synthetic  route  to  conformationalty  constrained  peptides 


Boc-Asp(Chxl)-NH .  .CONHBn 


1  28%  TFA/DCM 
2.  Boc-Aaa-SA,  OtEA 
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Boc-Aaan-Asp<Cbxi)-NH  CONHBn 


O  Oxime  Resin 


Boc-Arg(T os)-Gly-Asp(Chxl)-NH  CONHBn 


t .  25%  TFA/DCM 
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3. 25%  TFA/DCM 
4.DtEA 

5.1%HOAoOMF 
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Oxime  Resin^^O 


1  25%  TFA/DCM 
2.  DiEA 

3  BooAleM 
NaCNBH, 
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Peptides  1-9 
Xxx~Qty.GABA.Ahex, 
P-AiaAta.D-Ala 


HN 


.Alp — Giy - Asp 


00  9 


CO 

Cq'-VXTNH 
CONHBn 


Jhe  results  of  varying  the  ring  size  of  the  cyclic  RGD  peptides  are  shown  in 
Table  1.  The  side  chain  of  either  Asp  or  Glu  (m=  1  and  2,  respectively)  was  used  in 
the  cyclizathm  to  the  a-amino  of  Arg  via  a  second  amino  acid  residue  where  n  was 
varied  from  1  to  5.  Although  the  differences  in  the  in  vitro  assays  did  not  vary 
dramatically,  these  results  showed  that  the  best  activity  was  obtained  when  m=2  and 
a»l  (3).  The  next  structural  modification  was  the  use  of  a  chiral  amino  acid  residue 
to  link  die  side  chain  of  Glu  to  the  a-amino  group  of  Arg.  A  D-Ala  residue  (7)  does 
result  in  greater  affinity  for  the  GPHbllla  receptor  than  an  L-Ala  (8).  Although 
peptide  7  is  more  active,  the  compounds  containing  the  y(CH2NH)  moiety  were 
synthesized  using  L-Ala  for  convenience. 
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TaMe  i  Effects  of  ring  size  and  chirality  of  Writer 
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Peptides 

m 

n 

Linker 

Siie( atoms) 

mI-Fn 

EUSA 
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1 

1 

f^-Asp-dy 

16 

4.0 

1.0 

2 

1 

2 

(j-Asp^J-Ala 

17 

4.0 

1.0 

3 

2 

1 

y-Glu-Gly 

17 

1.0 

1.0 

4 

2 

2 

y-Glu-0-Ala 

18 

1.5 

1.0 

5 

2 

3 

y-Glu-GABA 

19 

9.0 

6 

2 

5 

fGlu-Ahex 

21 

n.d. 

11.8 

7 

2 

1 

y-Glu-D-Ala 

17 

1.0 

0.6 

8 

2 

1 

y-Glu-Ala 

17 

4.5 

0.8 

Table  2  £0ecf  of  cyclization  via  ylCH^NH) 
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12 

-OMCHjVNHj 

2.4  0.2 
1.2  0.54 
0.27  0.3 
2.4  3.0 
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GPUblHa  receptor  than  the  parent  peptide  8.  The  observation  that  the  y(CH2NH) 
moiety  is  compatible  with  receptor  binding  suggests  that  R  can  be  either  acyl  or 
alkyl.  Reductive  alkylation  of  this  nitrogen  with  either  succinic  semialdehyde  or 
dihydrocinnamaldehyde  provided  10  and  11,  respectively,  which  still  retained  good 
affinity  for  the  GPIIbllla  receptor.  Likewise,  acylation  of  this  nitrogen  with  fLAla 
yielded  12  which  appears  to  have  similar  activity  to  the  parent  compound  9.  These 
results  show  that  cyclization  of  a  side  chain  to  the  peptide  backbone  via  a  y(CH2NH) 
moiety  can  be  used  to  introduce  a  localized  conformational  constraint  into  a  peptide. 
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Introduction 

Cyclic  peptides  are  usually  synthesized  to  investigate  the  relationship  between 
chiroptical  properties  or  biological  activities  and  the  conformation  of  peptides. 
Consequently,  the  development  of  reliable  and  convenient  methods  to  prepare  cyclic 
peptides  remains  an  important  objective  in  peptide  chemistry. 

The  strategy  of  the  synthesis  of  cyclic  peptides  involves  preparation  of  an  open- 
chain  peptide  intermediate  followed  by  cyclization.  Side  reactions  such  as 
dimerization  and  even  cyclodimerization  represent  problems  in  the  synthesis  of  cyclic 
peptides.  Our  recently  developed  approach  of  Peptide  Cyclization  on  an  Oxime  Resin 
(the  PCOR  method)  [1-2]  overcomes  many  of  the  difficulties  in  the  syntheses  of 
cyclic  peptides.  The  peptide  chain  is  assembled  on  Kaiser-oxime  resin  followed  by 
cyclization:  the  cyclic  product  is  released  in  high  yield  and  purity  from  the  solid 
support  during  a  carboxyl-catalyzed  [3]  intramolecular  aminolysis  of  the  peptidyl 
oxime  ester  bond. 

Many  factors  influence  the  reaction  yields:  resin  type;  substitution  level;  amino 
acid  sequence;  character  and  chirality  of  N-  and  C-terminal  amino  acids;  protecting 
groups,  etc.  Several  of  these  factors  are  surveyed  in  this  paper. 

Results  and  Discussion 

Peptide  cyclizadons  can  be  accomplished  both  in  solution  and  by  solid  phase 
reactions.  In  order  to  avoid  intermolecular  side  reactions,  high  dilution  is  necessary 
in  both  cases.  A  low  peptide  substitution  level  on  an  oxime  resin  corresponds  to  a 
high  dilution  reaction  in  solution.  The  characteristics  of  an  oxime  resin  strongly 
influence  its  applicability  for  cyclization  reactions  as  will  be  discussed  in  this  brief 
Paper. 

Oxime  resins  with  1  and  2%  crosslinking 

The  Kaiser-oxime  resin  [4-3]  is  a  1%  crosslinked,  chemically  modified 
polystyrene  resin,  which  is  usually  used  for  batchwise  peptide  synthesis.  In  an 
attempt  to  use  the  oxime  resin  in  a  continuous  flow  peptide  synthesizer,  we  prepared 
an  oxime  resin  with  2%  crosslinks  to  provide  a  more  rigid  resin  support.  The  resin 
possessed  a  0.38  mmol/g  content  of  oxime  groups  and  was  usable  in  the  normal 
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method  for  the  synthesis  of  the  Merrifield's  test  peptide  (LAGV).  However,  the 
ammonolysis  of  the  peptide  from  the  resin  gave  a  very  low  (21%)  yield  in 
comparison  with  the  results  (85%)  achieved  by  using  of  1%  crosslinked  resin  (0.54 
mmoi/g).  The  major  portion  of  the  peptide  remained  on  the  resin  and  could  be 
titrated  with  picric  acid.  By  using  of  a  manually  operated  synthesizer,  no  better 
results  were  obtained.  Thus  we  believe  that  the  2%  crosslinked  resin  is  not  suitable 
for  peptide  synthesis  in  the  PCOR  method. 

Substitution  levels 

A  peptide  segment  of  Cbz-Alai/BocAlaLOMe)-Gly-Phe-0-N=C<(oxime  resin), 
where  AlaL  denotes  each  of  the  lanthionine  amino  acid  ends  constitutes  an 
intermediate  in  the  preparation  of  a  lanthionine  enkephalin  [6].  This  peptide  has  been 
assembled  on  a  Kaiser-oxime  resin  (substitution  level  of  oxime  groups:  0.65 
mmol/g)  with  two  different  peptide  substitution  levels,  0.22  and  0.38  mmol/g, 
respectively  (Figure  1).  The  cyclization  reaction  resulted  in  70-72  %  yield  of  cyclic 
product  in  both  cases.  But  at  the  higher  peptide  substitution  level,  the  product  was  a 
mixture  of  cyclic  monomer  and  cyclic  dimer  in  the  ratio  of  2:1.  Our  experiments 
made  it  clear  that  higher  cyclization  yield  of  the  monomer  peptide  is  achieved  at  the 
lower  substitution  level.  Also,  at  a  very  low  substitution  level  (<  0.1  mmol/g), 
when  acetyl  capping  of  excess  oxime  groups  was  used,  a  transacetylation  reaction 
was  observed  when  the  reactive  acetyl  oxime  ester  bonds  react  with  the  free  amino 
groups  of  the  peptide  [2, 7]. 


PfcCHj  O 

Cki  •  AtoL  -  Gly  -  NH  -  CH  -  C  -  O  -  N  =  C  <  (oxime  resin) 


S 
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CH]  •  CH  •  NH, 
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COOMe 

B 

Cbz-AlaL-Giy-Phe-AlaL-OMe 
+ 

Cfcm-  Ala^>  Gljrfc-Pfcf^-Ata^  OMe 


I 

S 


Cbx-AlaL-Gly-Pfce*AlaL-OMe  | 

MeO^la  -•  Phe~nGly~«ila~«Cbz 

Yield:  72  % 

Yield:  70  «; 

Monomer  /  Dimer  ratio  >2:1 


Fig.  1.  Effect  of  high  substitution  level  for  product  formation.  (A)  Optimal  peptide 
substitution  level  (0.22  mmol/g);  (B)  High  peptide  substitution  level  (0.38  mmol/g). 
This  scheme  shows  a  novel  application  of  the  PCOR  method  for  preparation  of 
lanthionine  peptides. 
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An  optimal  substitution  level  (0.2-03  mmol/g)  can  be  achieved  by  allowing  1 
g  oxitne  resin  to  react  with  0.4-0.45  mmol  Boc-amino  acid  +  DIC  in  DCM  for  3  hrs. 
For  loading  of  a  cysteine  derivative  on  an  oxime  resin,  2  molar  equiv.  of  ethyl  2- 
(hydroximino)-2-cyanoacetate  +  DIC  reagents  resulted  in  a  good  substitution  level. 

Peptide  couplings 

For  peptide  couplings  on  an  oxime  resin,  the  BOP  and  UNCA  activation 
methods,  and  the  use  of  symmetrical  anhydrides  are  commonly  applied.  We  tried  to 
carry  out  a  segment  condensation  reaction  on  oxime  resin  through  azide  coupling: 
BocLys(2Cl-Cbz)-LeuN3  +  Lys(2Cl-Cbz)Glu(0-resin)0Pac.  During  the  long 
reaction  time  a  large  portion  of  the  peptide  chain  cleaved  from  the  resin,  and  a  very 
low  yield  (16%)  was  observed.  In  conclusion,  the  azide  coupling  method  cannot  be 
applied  in  oxime  resin  syntheses. 

Sequence  dependence 

The  rate  of  oxime  resin  cyclizations  (usually  24-72  hr)  strongly  depends  on  the 
nature  of  the  amino  acids  at  the  C-  and  N-termini  of  a  peptide  chain  [8].  For  the 
synthesis  of  the  monomeric  lanthionine  peptide  in  Figure  1,  we  attempted  to  cyclize 
a  modified  sequence,  H-Gly-Phe-AlaL[CbzAlaL(0-resin)]-OMe.  No  product  formation 
could  be  detected.  This  result  confirmed  the  observaton  that  to  improve  the  yield  in 
the  PCOR  method,  the  sequences  of  residues  in  the  peptide  chain  play  a  key  role  in 
successful  cyclization  reactions. 
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Introduction 

The  MAP  (multiple  antigen  peptide)  strategy  has  been  used  for  preparing 
synthetic  vaccine  candidates  but  also  has  proven  useful  as  a  template  for  more 
complex  immunological  probes  [1,  2]  as  well  as  for  designing  protein  mimetks  [3, 
4].  We  have  been  interested  in  using  the  MAP  strategy  to  help  answer  the  following 
questions:  1.  Can  cyclic  peptides  provide  more  readily  identifiable  and  effective 
epitopes  in  preparing  polyclonal  and  monoclonal  antibodies?  2.  To  what  extent  can 
dimers  and  even  higher  order  peptide  analogs  contribute  to  greater  potency, 
selectivity,  and  biostability?  3.  Can  the  combination  of  cyclization  and  the  MAP 
amplification,  together  with  appropriate  ligand  extensions,  lead  to  binding  to 
multiple  receptors  and  thus  help  us  to  understand  better  the  nature  of  the  initial  steps 
of  hormone-receptor  interactions? 

Results  and  Discussion 

Boc-Tyr(Bzl)-D-Lys(Z)-Gly-Phe-Asp(OBzl)-Xxx-OMe  (Xxx=Ala  mid  Leu)  were 
prepared  using  solution  phase  methods  with  Boc  protection  and  DCC/HOBt  as 
coupling  reagent  Ammonium  formate-catalytic  transfer  hydrogenation  (AF-CTH) 
afforded  the  product  Box-Tyr-D-Lys-dy-Fhe-Asp-Xxx-OMe  where  Xxx=Ala  in  94% 
yield  and  where  Xxx=Leu  in  97%  yield.  Side-chain  to  side-chain  cyclization  was 
achieved  using  1  eq  BOP  and  3  eq  NaHC03  in  DMF  in  31%  yield  with  Xxx=Ala  and 
in  49%  where  Xxx=Leu.  Removal  of  the  Boc  group  in  HCl/dioxane  resulted  in  the 
desired  cyclic  peptides  H-Tyr-c[D-Lys-Gly-Phc-Asp]-Xxx-OMe  [Xxx=Ala  (LA)  and 
Leu  (HA)].  Tile  results  of  the  GPI  and  MVD  in  vitro  opioid  assays  are  listed  in 
Table  1,  and  indicate  that  IA  shows  high  potency  on  both  assays. 

Table  1  In  vitro  Opioid  Assay  of  Cyclic  Peptides 


ICJ0 

GPI(nM) 

MVD(nM) 

H-Tyr-c[D-Lys-Gly-Phe-Asp]-Ala-OMe  (IA) 

3.14 

1.54 

H-Tyrc[D-Lys-Gly-Phe-Asp]-Leu-OMe  (HA) 

14.3 

1.5 

GPI  *  guinea  pig  ileum;  MVD  =  mouse  vas  deferens 
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The  dimeric  and  tetnmeric  lysine  cores  were  synthesized  by  solid  phase 
techniques  on  Merrifield  resin  using  the  Boc  protecting  group  strategy  and 
BOP/DIEA  as  die  coupling  reagent  in  DMF.  After  saponification  of  cyclic  peptide 
IA,  the  free  carboxylic  acid  was  obtained.  Using  the  solid  phase  synthesis  strategy 
the  cyclic  peptide  was  coupled  to  the  dimeric  lysine  core  and  also  to  the  tetrameric 
lysine  core.  HF  cleavage  afforded  the  dimeric  cyclic  product  (ID)  and  the  tetrametric 
cyclic  product  (IV)  (Figure  1),  whose  structures  woe  confirmed  by  FAB-MS. 


1 - 1 

YdKGFDA 

1 — 1 

YdKGFDA — | 

YdKGFDA 

Lys-Aca-Ala-OH 

1 _ 1 

Yd^GFJA— ^ 

m 

1 - 1 

YdKGFDA 

Yd^GFJA 

— Lys 


,ys-Aca-Ala-OH 


“Li 

—Lys 


(IV) 

Fig.  1.  Structures  of  dimeric  (Ilf)  and  tetrameric  (IV)  MAPS -cyclic  peptides. 


Various  groups  have  reported  the  synthesis  of  dimeric  peptides.  In  some  cases 
these  reports  have  suggested  that  the  analogs  were  able  to  simultaneously  bind  to  two 
receptor  molecules  while  other  workers  report  that  only  single  binding  occurred  [S, 
6],  Conn  and  coworkers  were  apparently  able  to  convert  a  dimeric  GnRH  antagonist 
into  an  agonist  by  linkage  through  the  corresponding  dimeric  GnRH  antibody  [7].  It 
seems  reasonable  to  assume  that,  while  the  exact  dimensions  should  be  receptor 
specific,  the  distance  spanned  by  two  ligands  must  be  reasonably  large.  The 
traditional  MAP  concept  does  not  generally  use  variable  linkers  between  the  peptide 
and  the  lysine  core.  But  this  variable  (position  Z  in  Figure  2)  would  be  the  most 
appropriate  method  of  altering  this  critical  distance. 

As  a  first  step  for  extending  the  MAP  concept  to  cyclic  peptides,  we  required  an 
appropriately  configured  biologically  active  sequence.  This  was  accomplished  by  the 
design  and  synthesis  of  two  new  cyclic  opioids  (shown  in  Table  I).  The  biological 
activities  obtained  for  the  methyl  esters  IA  and  Ha  woe  quite  good,  especially  for  the 
alanine  variant.  On  the  other  hand,  neither  of  the  two  compounds  proved  very 
selective,  so  binding  to  either  opioid  receptor  class  is  appropriate  for  assay. 

Since  the  use  of  cyclic  peptides  in  the  MAP  system  is,  to  our  knowledge, 
unprecedented,  our  first  goal  will  be  to  test  the  immunogenicity  of  cyclic  peptides 
compared  to  their  closest  linear  counterparts.  Such  testing  is  currently  in  progress. 
In  the  meantime  we  have  been  able  to  achieve  acceptable  synthetic  results  (AAA, 
FAB-Ms)  using  both  dimeric  and  tetrameric  synthetic  variants.  An  octameric  version 
(Figure  2)  is  also  being  prepared. 
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cyclic  peptide _ X 


Z — cyclic  peptide 


—  X— 4" 


yi  Z — cyclic  peptide 

-X — 

Ys  Z — cyclic  peptide 

L< 

Z — cyclic  peptide 


Fig.  2.  Schematic  representation  of  variables  (X,  Y,  and  Z)  in  the  synthesis  of  MAP-based 
cyclic  peptides. 

Future  studies  will  include  verification  of  synthetic  protocols,  biological  assays 
of  various  monomeric  vs.  oligomeric  analogs,  and  determination  of  the  effect  of 
variables  X,  Y,  and  Z  (Figure  2)  on  both  synthesis  and  biology. 

Acknowledgements 

This  work  was  supported  by  NIH-GM  33376,  NIDA  DA  04304  and  fellowship 
support  from  the  GAANN  Program  from  the  Dept,  of  Education.  We  thank  Dr.  Tom 
Burks  for  die  bioessay  results. 

References 

1 .  Tam,  11*.,  In  Tam,  JJ*.  and  Kaiser,  ET.  (Eds.),  Synthetic  Peptides:  Approaches  to 
Biological  Problems,  Alan  R.  Liss,  Inc..  New  York.  NY,  U.S.A.,  1989.  p.3. 

2.  Kaumaya.  T.P..  Gerdau,  A.  and  Kobs-Conrad,  S.F.,  In  Smith,  J.A.  and  Rivier,  J.E. 
(Eds.),  Peptides:  Chemistry  and  Biology  (Proceedings  of  the  Twelfth  American 
Peptide  Symposium),  Escom,  Leiden,  The  Netherlands,  1992,  p.886. 

3.  Mutter,  M.,  Carey,  R.I.,  Dorner,  B.,  Ernest,  I.,  Flogel,  R.,  Giezendanner,  U., 
Rivier,  J.E.,  Servis,  C.,  Sigd,  C.,  Steiner,  V.,  Tuchscherer,  G.,  VuiUeumier,  S.  and 
Wyes,  D..  In  Saaith,  J.A.  and  Rivier,  (Eds  ),  Peptides:  Chemistry  and  Biology 
(Proceedings  of  the  Twelfth  American  Peptide  Symposium),  Escom,  Leiden,  The 
Netherlands,  1992,  p.326. 

4.  Stewart.  J.M.,  Hahn,  K.W.  and  Klis,  W.A.,  Science,  248  (1990)  1544. 

5.  Schiller,  P.W.,  In  Ellis,  G.P.  and  West,  G.B.  (Eds.),  Progress  in  Medicinal 
Chemistry.  28.  Elsevier.  1991.  n.301. 

6.  Yagi,  K.,  Shi mobi gash,  Y„  Ogasawara,  T„  Koshizaka,  T„  Waki,  M.,  Kato.  T„ 
Izandya,  N.  and  Kurono,  M.,  ffiochem.  Biophys.  Res.  Cooumin.,  146  (1987)  1109. 

7.  Corm,  P.M.,  Rogers,  D.C.,  Stewart,  J.M.,  Neidel,  J.  and  Sheffield,  T„  Nature. 
296  (1982)  654. 


106 


A  novel  Fmoc- protected  ornithine  derivative 
useful  for  the  synthesis  of  arginine  peptides  by  a 
guanylation  approach 


M.S.  Bernatowicz  and  G.R.  Matsneda 

Bristol-Myers  Squibb  Pharmaceutical  Research  Institute, 
Princeton,  NJ  08543,  U.S.A. 


Introduction 

A  method  of  solid  phase  synthesis  of  arginine-containing  peptides  by  an 
approach  which  employs  guanylation  of  ornithine-containing  precursors  ami  the 
"Boc/benzyl"  protecting  group  combination  has  been  recently  reported  [1],  The 
development  and  characterization  of  1-guanylpyrazole  hydrochloride  1  (Figure  1)  as  a 
guanylating  reagent  was  key  to  the  demonstrated  success  of  the  guanylation  approach 
to  Arg  peptides  by  the  "Boc/benzyl”  strategy. 

To  apply  this  approach  to  synthesis  by  the  "Fmoc/t-butyl"  protection  strategy, 
which  may  be  advantageous  far  some  peptides,  it  was  necessary  to  develop  a  suitable 
protecting  group  for  the  5-amino  group  of  ornithine.  This  protecting  group  must 
fulfill  the  requirements  of  stability  to  peptide  synthesis  conditions  used  for  chain 
elongation  and  must  be  specifically  cleaved  without  affecting  t-butyl  based  protection 
used  for  the  other  amino  acids  with  nucleophilic  sidechains.  It  was  found  that  the 
novel  l-(4-methoxyphenyl)ethyloxycarbonyl  (Mpeoc)  group  2  (Figure  1),  cleavable 
under  mildly  acidic  conditions  fulfills  those  requirements. 


1  2  '‘Mpeoc"  group 

Fig.  I.  Structures  of  1-guanylpyrazole  hydrochloride  I  and  the  Mpeoc  group  2. 

Results  and  Discussion 

The  synthesis  of  Fmoc-Om(Mpeoc)-OPfp  3  is  outlined  in  Figure  2.  The 
copperfll)  complex  of  ornithine  [2]  was  allowed  to  react  with  Mpeoc-4-nitrophenylate 
to  yield  Cu{Orn(N8-Mpeoc)}2.  The  Fmoc  group  was  introduced  with  Fmoc-N- 
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succinimidate  in  the  presence  of  EDTA  and  NaHCOj  and  the  isolated  Fmoc- 
Om(Mpeoc>-C)H  product  was  converted  to  its  pentafluorophenyl  ester  (OPfp)  using 
pentafluorophenyitrifluoroacetate.  The  overall  yields  of  Fmoc-Om(Mpeoc)-OPfp  3 
starting  from  free  ornithine  ranged  from  21-35%  but  may  improve  with  optimization. 
The  authenticity  of  the  Fmoc-Orn(Mpeoc)-OH  and  Fmoc-Orn(Mpeoc)-OPfp 
derivatives  thus  obtained  was  confirmed  by  'H  NMR,  FABMS  and  elemental 
analysis. 


CutOmh 


O-Q-W, 


CufOmfMpaocg, 


/OCA 
C F*CO*P» 


STTA/NaHCOa 
t/tVO 


BDAe/OCA 

npf7-a*C 

Fig.  2.  Synthesis  of  Fmoc-Omf Mpeoc)  derivatives. 


•1% 

mp  1144*0 


Because  the  Mpeoc-4-nitrophenylate  reagent  used  to  introduce  die  Mpeoc  group 
slowly  decomposes  at  room  temperature,  it  (prepared  by  reaction  of  l-(4- 
methoxyphenyl)ethanol  with  4-nitrophenylchloroformatc  in  pyridine/p-dioxane  at  4°C 
followed  by  filtration  to  remove  pyridine  hydrochloride)  was  directly  used  without 
isolation.  Because  it  was  thought  that  die  Fmoc-Om(Mpeoc>-OH  derivative  might 
be  unstable  due  to  the  acidity  of  its  carboxyl  group,  it  was  initially  promptly 
converted  to  its  Pfp  ester  for  long  term  storage.  It  was  later  found  that  the  Fmoc- 
Om(Mpeoc)-OH  derivative  showed  no  detectable  decomposition  after  one  year  at 
room  temperature. 

Solution  studies  showed  that  the  Mpeoc  group  was  completely  cleaved  from 
Fmoc-Om(Mpeoc)-OH  with  1%  TFA  in  CH2CI2  in  less  than  10  min  at  room 
temperature,  conditions  which  do  not  detectably  affect  t-butyl  based  protection. 
Additional  studies,  however,  showed  that  die  stabilized  carbocation  generated  from  the 
Mpeoc  group  by  1%  TFA  rapidly  alkylated  the  indole  ring  of  Trp.  For  use  with 
peptides  containing  the  Orn(MpeocVTrp  combination,  it  was  found  that  3%  (v/v) 
dichloroacetic  acid  in  CH2CI2  containing  20%  (wt/v)  skatole  rapidly  (<10  min) 
cleaved  the  Mpeoc  group  without  alkylation  of  Trp.  Other  model  studies  indicated 
that  the  Mpeoc  group  was  stable  to  conditions  used  for  deprotection  of  the  Fmoc 
group  as  well  as  those  used  for  coupling  Ftnoc-amino  acids. 

Table  1  lists  arginine  peptides  prepared  using  3  with  guanylation  by  1.  These 
peptides  were  prepared  manually  starting  with  Fmoc-Linker  AM  on  Merri field 
polystyrene  using  Fmoc-amino  acid- Pfp  esters  and  standard  coupling  and  deprotection 
protocols.  The  N-terminal  amino  acid  was  Boc-protected  (peptides  4  and  5)  since  the 
Fmoc  group  is  cleaved  under  the  conditions  employed  for  guanylation  of  Orn  [1]. 
All  the  crude  peptides  obtained  were  >70%  pure  as  ascertained  by  HPLC  and  were 
purified  to  homogeneity.  Ornithine  could  not  be  detected  by  amino  acid  analysis  of 
the  crude  products  indicating  complete  guanylation  reactions.  Authenticity  of  the 
purified  products  was  established  by  FAB  MS  and  amino  acid  analysis. 
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T able  1  Arginine  peptides  prepared  using  3  with  guanykaion  ofOm  by  1 


i 


Gly-His-Arg-Pro-Leu-Asp-Lys-NFh  (4) 
Gta-Gly-Val-Val-fto-Arg-Gly-Val-Asn-Leu-Gte-<Hu-NH2  (5) 
Ac-Trp-Trp-Pro-Trp-Arg-Arg-NH2  (6),  (Skalolicidin) 


Peptide  4  (acetyl-Indolicidin  8-13  [3])  was  chosen  for  synthesis  to  challenge 
stringently  the  method.  Crude  peptide  4  obtained  using  the  Mpeoc  approach  and 
Reagent  K  [4]  final  cleavage  for  1  h  was  77%  pure  (Figure  3),  an  improvement  over 
the  49%  purity  obtained  for  the  same  peptide  synthesized  by  optimized  conventional 
Fmoc  chemistry  (Reagent  K,  2  h)  utilizing  the  Pmc  group  for  protection  of  Aig.  In 
this  case  substantial  peptidic  impurities  retaining  the  Pmc  group  were  evidenced  by 
FABMS  and  UV  spectral  data.  Interestingly,  when  TFA/anisole/H^  (80:15:5)  was 
employed  in  place  of  Reagent  K  for  final  cleavage  of  4  prepared  by  the  Mpeoc 
approach,  a  crude  product  of  similar  quality  (70%  purity)  was  obtained. 


2  4  •  • 

Tim*  (min) 


Fig.  3.  RP  (C18,  YMC,  4  mm  X  5  cm  column)  HPLC  of  crude  6.  Linear  gradient  (6-64% 
ACN/HjO,  0.1%  TFA)  at  2.0  mi/min. 
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Introduction 

We  have  reported  recently  a  technique  capable  of  generating  arrays  of 
immobilized  peptides  suitable  for  ligand  binding  assays  through  a  combination  of 
photochemistry  and  solid  phase  peptide  synthesis  [1].  Critical  to  this  method  is  the 
use  of  a  photo-removable  protecting  group  for  the  amino  terminus  of  the  growing 
peptide  chain.  The  now  classic  photo-protecting  group  is  the  aitroyeratryl- 
Qxygarbonyl  (Nvoc)  group  first  reported  by  Patchnomik  [2],  As  part  of  a  program  in 
novel  photochemistry,  we  have  begun  to  explore  other  nitro benzyl  compounds  as 
alternatives  to  the  Nvoc  group. 

Results  and  Discussion 

A  key  element  necessary  for  the  productive  photolysis  of  nitrobenzyl 
compounds  is  the  presence  of  a  benzylic  hydrogen.  Photolysis  of  carbamate  protected 
amines  proceeds  through  a  complicated  mechanism  involving  removal  of  the  benzylic 
hydrogen,  addition  of  the  oxygen  atom  of  the  nitro  group  to  the  benzylic  carbon,  and 
ultimately  through  an  acetal  cleavage  to  generate  a  nitrosoaldehyde,  carbon  dioxide, 
and  the  liberated  amine.  Early  workers  in  the  field  have  noted  the  requirement  for 
either  an  acid  or  other  scavenger  to  be  present  in  the  reaction  mixture  in  order  to 
achieve  a  quantitative  yield  of  the  amine.  We  have  investigated  the  photokinetics  of 
several  analogs  of  the  Nvoc  group  shown  in  Table  1.  The  novel  photo- groups  were 
evaluated  as  both  their  acetates  (acid  protection)  and  their  carbamates  (amine 
protection).  Aliquots  of  each  compound  (100  pM  concentration)  were  photolyzed  in 
S  mM  H2SOydioxane  for  specific  times  and  the  rate  of  the  reaction  was  determined 
via  HPLC  analysis  of  die  remaining  starting  material.  The  reactions  were  first  order 
in  light  intensity.  The  UV  light  source  was  a  Hg(Xe)  ARC  lamp  with  the  365  nm 
output  selected  with  a  monochrometer  and  adjusted  to  10  mW/cm2. 

The  series  of  nitrobenzyl  compounds  are  equally  effective  as  both  amine  and 
carboxyl  protecting  agents.  We  observed  a  dramatic  rate  enhancement  upon 
substitution  of  the  phenyl  ring  with  two  alkoxy  substituents  which  parallels  the 
increase  in  absorbance  at  365  nm.  A  further  increase  in  rate  was  observed  by  the 
introduction  of  a  methyl  group  at  the  benzylic  carbon.  Presumably  this  stabilizes  the 
intermediate  carbon  radical  and  promotes  the  cleavage  reaction.  The  a-m&thyl- 
nitrojyperonyloxycarbonyl  (Menpoc,  5)  and  the  a-mfithyl-uitroyeratrylcxycarbonyl 
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P  V*  J0*  M°.  ,  MO.  , 

Gr-Jjr-  j'r-jty- 

0M»  \— O  OMa  V — O 

1  2  3  4  5 

Fig.  1.  Structures  of  nitrobenzyi  derivatives. 

Table  1  Photolysis  half  lives  for  the  disappearance  of  starting  material  for  various 
Nvoc  derivatives  under  365  run  irradiation 


Compound 

R  =  COCH3  (sec) 

R  *  CONHCHzCOjEt  (sec) 

1 

1941 

— 

2 

129 

97 

3 

63 

39 

4 

42 

38 

5 

33 

40 

(Menvoc,  4)  groups  offer  both  faster  photokinetics  and  higher  quantum  yields  than 
the  known  ntaobenzyloxycarbonyl  (Nboc  1)  and  Nvoc  (2)  groups.  The  photolysis 
of  die  ntropiperonyloxycarbonyl  (Npoc  3)  group  is  particularly  enhanced  in  acidic 
dioxaae,  as  its  photokinetics  more  closely  match  that  of  Nvoc  when  performed  in 
other  solvents. 

We  have  begun  to  further  explore  the  use  of  the  Menpoc  group  for  the  amine 
protection  of  amino  acids.  The  crystalline  ddoroformate  can  be  prepared  in  large 
scale  and  in  high  yield  in  three  steps  from  commercially  available  3,4- 
methylenedioxyacetophenone.  This  material  serves  as  a  convenient  derivatization 
reagent  and  we  have  observed  no  discernible  decomposition  of  the  chloroformate  after 
several  months  storage  at  4°C.  The  intermediate  a-methyhutrobenzyl  alcohol  can  be 
coupled  to  a  carboxylic  acid  directly,  or  alternatively  converted  to  its  chloride  for 
derivatization  of  acids  and  other  functional  groups. 


Fig.  2.  Synthesis  of  Menpoc-Cl:  (a)  HN03;  (b)  NaBH 4;  (c)  phosgene. 


Several  common  amino  acids  were  chosen  to  examine  in  more  detail. 

Experiments  have  shown  that  treatment  of  a  free  amino  acid  with  Menpoc-Cl  under 

water-dioxaae  conditions  provides  good  yields  of  the  desired  products  and  material  of  { 
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high  purity  can  be  obtained  after  simple  chromatography  on  silica  gel.  The  methyl 
group  on  the  benzylic  carbon  does  lead  to  a  1:1  mixture  of  diastereomers  when 
coupled  to  an  optically  active  amino  acid,  but  we  have  experienced  little  difficulty  in 
obtaining  the  Menpoc  amino  acids  as  solids.  Generally,  die  Menpoc  derivatives  are 
more  easily  induced  to  solidify  than  the  corresponding  Fmoc  derivatives.  The 
derivatized  amino  acids  can  be  stored  indefinitely  when  kept  cool,  dry  and  protected 
from  light  The  comparison  of  the  Nvoc  and  Menpoc  groups  as  photo-removable 
protecting  groups  for  the  amine  of  an  amino  acid  is  shown  in  Table  2. 

Table  2  Comparison  of  the  photolysis  half  lives  for  carbamate  protected  Nvoc  and 
Menpoc  amino  acids  under  365  nm  irradiation 


Amino  add* 

Nvoc  deriv  ative  (sec) 

Menpoc  derivative  (sec) 

PG-L-Ala-OH 

92 

23 

PG-Gly-OH 

110 

29 

FG-L-Ptie-OH 

96 

27 

FG-L-Leu-OH 

115 

24 

PG-L-Tyi(OtBu>OH 

109 

28 

*PG  denotes  protecting  group. 


We  have  described  a  new  photoprotecting  group  for  protecting  either  the  amino 
or  carboxyl  groups  of  amino  acids.  The  a-methylpiperonyl  group  offers  superior 
photokinetics  and  a  higher  quantum  yield  as  compared  to  the  nitroveratryl  group. 
This  new  group  should  also  [Hove  useful  for  caging  purposes  and  the  protection  of 
other  functional  groups  in  addition  to  amines  and  carboxyls  where  higher  quantum 
yields  are  important. 
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Introduction 

Allyl-based  protecting  groups  have  been  used  extensively  in  organic  synthesis 
and  have  been  applied  recently  to  DNA,  carbohydrate  and  peptide  synthesis.  The  mild 
conditions  to  remove  allyl  functions  are  compatible  with  classical  Fmoc/fBu  based 
methods  for  solid-phase  peptide  synthesis  [1,2].  The  combination  of  allyl/Fmoc/rBu 
provides  a  flexible  orthogonal  strategy  that  permits  construe  don  of  more  complex 
peptides  including  peptides  which  are  cyclic,  have  branching,  contain  post- 
translational  modifications  or  are  conjugated  to  sugars  and  oligonucleotides  [2-4]. 

Allyl  removal  is  generally  achieved  with  a  suspended  palladium  catalyst  under 
heterogeneous  conditions  and  inert  atmosphere.  After  completion  of  the  reaction,  the 
catalyst  must  be  separated.  This  overall  approach  is  not  feasible  on  batch  or 
continuous-flow  peptide  synthesizers  due  to  difficulties  in  initial  delivery  and  later 
removal  of  the  insoluble  palladium  catalyst  We  have  now  examined  and  optimized 
solvents  to  solubilize  the  catalyst,  prevent  undesired  A^-Fmoc  deprotection,  and  be 
compatible  with  glyco-  and  suifo-peptides.  The  continuous-flow  Millipore  9050 
Plus  PepSynthesizer  was  modified  using  new  conditions  and  software  to  carry  out 
allyl  deprotection  schemes  for  the  facile  preparation  of  cyclic  and  branched  peptides 
[5]- 

Results  and  Discussion 

Model  peptides  Y-Ala-X-Gln-Lys-Thr-Asp(OAl)-Thr-Pro-NH2  where  X  =  Met, 
Trp  and  Y  =  Fmoc,  H  were  prepared.  We  found  that  the  previously  described 
conditions  for  allyl  removal,  i.e.,  Pd(PPh3)4  (3  equiv)  and  0.3  M  morpholine  in 
DMSO-THF-0.5  N  HC1  (2:2:1)  [6],  were  compatible  with  Trp,  but  led  to  partial 
oxidation  of  Met  and  partial  loss  of  A^-Fmoc.  Furthermore,  the  earlier  cocktail  was 
biphasic  and  a  poor  solvent  for  the  catalyst.  To  avoid  a  biphasic  system,  HC1  was 
replaced  with  HOAc,  a  mild  organic  acid  dial  is  compatible  with  sensitive  functions. 
CHCI3  was  chosen  as  the  solvent  since  it  dissolves  completely  the  palladium  catalyst 
and  is  compatible  with  the  PEG-PS  resins  which  are  used  for  all  of  the  work 
described.  Lastly,  a  weak,  tertiary  base,  A-methylmorpholine  [which  does  not 
remove  AA*-Fmoc  functions]  was  added.  Hence,  treatment  of  the  model  peptides  with 
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Pd(PPh3)4  (3  equiv)  in  CHClj-HOAc-NMM  (37:2:1),  followed  by  washings  with  a 
solution  of  DIEA  (0.5%,  v/v)  and  sodium  diethyldithiocarbamate  (0.5%,  w/v)  in 
DMF,  provided  the  allyl-deblocked  peptide  while  preserving  A**-Fmoc. 


Cyclic  Peptides 


Branched  Peptides 


Scheme  I.  General  strategy  for  synthesis  of  cyclic  and  branched  peptides  using 
FmocABu/allyl  chemistry. 
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Cleavage  of  allyl  groups  oa  continuous-flow  or  batchwise  peptide  synthesizers 
was  automated,  as  follows:  the  catalyst  was  added  to  standard  amino  acid  vials,  purged 
with  Ar,  and  sealed  in  order  to  maintain  an  inert  atmosphere.  The  CHCI3-HOAC- 
NMM  cocktail  described  above  was  delivered  to  the  vial  containing  Pd(PPh3>4,  and 
bubbling  of  the  mixture  with  Ar  for  5  min  ensured  that  the  catalyst  was  dissolved 
completely  before  delivery  to  the  reaction  column.  In  the  continuous-flow  mode,  the 
deprotection  solution  was  delivered  to  the  column  containing  the  resin  and  recycled 
for  2h.  An  additional  resin  wash  cycle  with  the  DIEA  and  sodium 
diethyldithiocarbamate  in  DMF  solution  was  used  to  remove  side-products  that  can 
produce  back-pressure.  For  the  preparation  of  cyclic  peptides,  phosphonium  or 
uranium  salts  were  added  to  an  amino  acid  vial,  and  a  solution  of  0.6  M  DIEA  in 
DMF  was  delivered  to  dissolve  the  solids.  This  activation  solution  was  then 
delivered  to  the  peptide-resin  with  free  end  groups  in  order  for  the  cyclization  to 
occur;  recycling  continued  until  the  peptide-resin  was  ninhydrin  negative. 

The  effectiveness  of  our  new  conditions  was  demonstrated  first  by  the  automated 
synthesis  of  a  cyclic  peptide,  tachykinin  antagonist  peptide  MEN  10355,  cyclop Asp- 
Tyr-DTrp-Val-DTrp-DTrp-Arg)(Scheme  1,  left  side).  The  linear  sequence  was 
assembled  using  the  Fmoc/tBu  strategy,  and  selective  side-chain  deblocking  of  allyl 
groups  followed.  Next,  i^-Fmoc  removal,  PyBOP-HOBt-DIEA-mediated  cyclization 
and  acidolytic  cleavage  of  the  peptide-resin  and  of  tBu  side-chain  protecting  groups 
gave  the  cyclic  peptide.  For  the  synthesis  of  branched  peptides  (Scheme  1 ,  right 
side),  a  Fmoc-Lys(Aloc)-PAL-PEG-PS  resin  was  the  starting  point  for  a  linear 
synthesis  of  prothrombin(l-9)  by  the  Fmoc/tBu  strategy  [terminating  with  N“-Boc]. 
Side-chain  deprotection  of  the  Aloe  group  of  Lys  was  followed  by  a  linear  synthesis 
of  Leu-enkephalin  off  the  e-amino  side-chain  of  lysine. 

Multiple  antigenic  peptides  (MAP)  are  of  interest  since  they  allow  production 
of  immunogens  without  the  use  of  a  protein  carrier.  A  small  lysine  core  index  is 
used  to  amplify  the  peptide  antigen  to  multiple  copies.  The  current  strategy  for 
obtaining  MAP  containing  two  epitopes  starts  with  Fmoc-Lys(Boc)-OH  and  requires 
Boc  chemistry.  With  our  current  method,  the  preparation  of  MAP  containing  two 
epitopes  can  be  achieved  and  automated  with  Fmoc  chemistry.  Starting  with  [Fmoc- 
Lys(Aloc)]4-PAla-PAL-PEG-PS  resin,  a  bis-epitope  of  the  HIV  protease  ([IDV(16- 
29))4[HIV(70-80)l4)-(Lys)rpAla-NH2  was  synthesized. 
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Introduction 

Side-chain  cysteine  protection  is  essential  during  the  coupling  steps  of 
solid-phase  peptide  synthesis  [1].  The  synthesis  of  peptides  having  all  cysteine 
residues  as  the  free  thiol  or  with  one  or  more  disulfide  bridges  formed  in  a  controlled 
fashion  is  dependent  upon  to  the  availability  of  appropriate  orthogonal  protecting 
groups  for  the  thiol  function.  In  addition  to  the  common  protecting  groups,  an 
alternative  group  removable  by  an  independent  method  such  as  enzymatic  cleveage, 
would  be  desirable. 

During  the  last  few  years,  enzymatic  methods  have  been  more  frequently  used  to 
remove  blocking  groups  from  a-amino  and  a-carboxy  groups  rather  than  from  side- 
chain  functionalities  in  peptide  synthesis.  Enzymes  often  operate  at  neutral,  weakly 
acidic  or  weakly  basic  pH  media  and  in  many  cases  combine  a  high  selectivity  for  the 
reactions  they  catalyze  and  the  structures  they  recognize  with  a  broad  substrate 
specifity.  Thiol  protecting  groups  of  the  acylamidomethyl  type  can  be  split  in  a 
two-step  process  [2]  by  first  eliminating  the  acyl  component  and  then  generating  the 
thiol  function  by  spontaneous  hydrolysis  of  the  intermediate  aminomethyl  mercapto 
compound.  Best  results  were  obtained  with  the  phenylacetamidomethyl  group 
(Phacm)  [31;  this  group  being  deprotec  ted  by  penicillin  G  acylase  from  E.  coli  (EC 
3.5.1. 1 1)  with  a  PI  specificity  for  the  phenylacetyl  residue. 

The  selective  enzymatic  deprotection  of  the  5-phenylacetamidomethyl  is 
orthogonal  to  the  chemical  deprotection  of  several  groups  used  for  the  protection  of 
thiol  side-chain  of  cysteine  in  peptide  synthesis.  This  characteristic  encouraged  us  to 
synthezise  the  Boc  and  Fmoc  derivatives  of  5-phenylacetamidomethyl-L-cysteine 
(Figure  1)  for  use  in  the  most  important  strategies  in  solid-phase  synthesis  (Boc/Bzl 
and  Fmoc/tBu)  to  obtain  cystine-peptides. 
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Prot-NH-CH-COOH 

fH*  O 

s-ch2-nh-  c-ch 


Prot  s  Boc  or  Fmoc 


Fig.  J.  hP-Protected  S-phenylacetamidomethyl-L-cysteine. 

Results  and  Discussion 

The  S-phenylacetamidomethyl  (Phacm)  group  can  be  introduced  using  the  same 
protocol  as  that  used  for  the  S-acetamidomethyl  (Acm)  group.  L -Cysteine  was  reacted 
with  Af-hydroxymethylphenylacetamide  in  the  presence  of  trifluoromethanesulfonic 
acid,  and  subsequent  treatment  with  Fmoc-succinimide  or  di-fe/f-butyl  dicarbonate 
gave  the  appropriate  fully  protected  derivatives  in  67%  and  56%  yields,  respectively. 
The  Phacm  group  has  the  same  stability/lability  as  Acm,  but  Phacm  is  additionally 
cleaved  by  the  action  of  penicillin  amidohydrolase  (PHA).  The  best  conditions 
involve  use  of  amidohydrolase  immobilized  on  acrylic  beads  (Eupergit  C,  Rt>hm 
Pharma,  Germany)  in  sodium  phosphate,  ammonium  acetate  or  triethylammonium 
acetate  (pH  7.8)  at  38°C.  The  latter  two  buffers  have  the  advantage  that  die  salt  can 
be  removed  by  lyophilization.  If  the  enzymatic  hydrolysis  is  carried  out  under  argon 
in  the  presence  of  2%  0-mercaptoethanol,  the  free  thiol  is  isolated;  in  their  absence 
direct  oxidation  to  the  cystine  derivative  takes  place.  Thus,  the  Phacm  group  is 
orthogonal  with  respect  to  both  base  and  acid-labile  cysteine  protecting  groups,  and  is 
compatible  with  Acm  (initial  enzymatic  deprotection  of  Phacm  followed  by 
deprotection  of  Acm  with  iodine  or  thallium  salts). 

Several  cystine-containing  peptides  were  synthesized  to  demonstrate  the  scope 
of  this  protecting  group  in  solid-phase  synthesis. 

Dimer  0-turn  model  peptide  was  prepared  to  show  the  compatibility  of  Phacm 
with  Acm  (Figure  2).  This  parallel  dimer  was  prepared  from  a  single  peptide  [(Ac- 
Cys(Phacm)-Pro-D-Val-Cys(Acm)-NH2 )],  which  was  synthesized  manually  using  a 
Bex:  strategy,  starting  with  an  MBHA-resin.  Treatment  of  the  peptide-resin  with 
anhydrous  HF-anisole  (19:1),  1  h  at  0°C,  provided  the  crude  protected  peptide  I.  The 
protected  peptide  I  was  then  incubated  with  immobilized  penicillin  amidohydrolase  in 
0.05  M  ammonium  acetate  buffer  pH  7.9  at  38°C  and  after  24  h  the  open  dimer  II 
was  obtained  (90%  purity).  The  second  disulfide  bond  was  formed  upon  treatment  of 
the  bis-S-Acm  peptide  with  I2  (10  equiv.)  in  HOAC-H2O  (4: 1),  2  h  at  25°C. 

The  synthesis  of  somatostatin- 14-amide  was  accomplished  automatically  on  a 
continuous-flow  synthesizer  (Millipore  9050),  according  to  the  standard  Fmoc/'Bu 
strategy  using  the  PAL- handle  [4]  on  a  PEG-PS-resin.  Treatment  of  the  peptide-resin 
with  TFA-H2O  (19: 1),  1  h  at  25°C,  provided  the  crude  bis(Phacm)  protected  peptide, 
which  subsequently  was  incubated  with  inmobilized  PHA  in  0.05  M 
triethylammonium  acetate  buffer,  pH  7.8,  at  38°C  for  24  h.  The  reaction  was 
followed  by  HPLC.  After  20  h,  the  desired  final  product  was  obtained  (85%  purity). 
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Fig.  2.  Scheme  of  synthesis  of  turner  fi-tum  model  peptide. 
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Introduction 

The  reduction  of  disulfide  bridge  in  cystine  containing  peptidic  hormones  results 
in  many  cases  in  loss  of  biologically  active  conformation.  The  replacement  of  the 
chemically  labile  disulfide  group  by  an  isostere  structure  is  of  interest  for  new  stable 
structures  of  hormone  analogs.  The  me thylene-thio- group  (-CH2-S-)  was  introduced 
as  a  suitable  replacement  of  the  disulfide  bond  [1,  2].  Several  types  of  cystine- 
substituting  amino  acids  were  prepared  [1-9],  but  only  several  examples  maintaining 
all  functional  groups  and  the  length  of  the  bridge  are  known  [10,  1 1].  In  this  study, 
the  selectively  protected  monocarba-isosteres  of  cystathionines  were  prepared  as 
building  blocks  and  applied  in  a  combined  stepwise  solid  phase/solution  synthesis  for 
a  series  of  analogs  of  the  neurohypophyseal  hormone  oxytocin. 

Results  and  Discussion 

Selectively  protected  cystathionines  1-5  (Figure  1)  were  synthesized  using  S- 
alkylation  [12]  of  cysteine  with  fully  protected  derivatives  of  2-amino-4- 
bromobutyric  acid  [10]  and  subsequent  introduction  of  Fmoc-group  (compound  3-5). 
The  derivatives  2  and  3  were  used  for  the  synthesis  of  carba-1 -oxytocin  (C'-OXT) 
chosen  as  a  model  peptide.  The  procedure  using  derivative  2,  pMBHA  resin  and 
Boc/Bzl  strategy  gave  in  12  synthetic  and  purification  steps  6.8%  of  C’-OXT.  In 
contrast,  our  new  approach  using  Fmoc-protected  derivative  3,  acid  labile  handle  and 
Fmoc/Bzl  strategy  (Figure  2)  yielded  63.8%  of  C'-OXT  after  optimization.  The 
cyclization  was  carried  out  by  DPPA/DIEA  (lOeq)  in  DMF  with  78%  preparative 
yield.  For  the  final  deprotection,  a  mixture  TFMSA/TFA/thioanisole/m- 
cresole/DMS  (5/85/5/2.5/2.5)  was  used  with  the  yield  of  81%.  As  an  alternative 
method,  derivative  3  and  SCAL- handle  [13]  with  on-the-resin  cyclization  was  tested 
with  the  yield  34%  of  C'-OXT.  The  synthetic  procedure  using  cystathionine 
derivative  3  was  further  applied  for  a  series  of  analogs  of  oxytocin  modified  in 
position  4  and/or  7  (agonists)  and  positions  2,4,8  (inhibitors).  Biological  evaluation 
of  these  analogs  allowed  to  differentiate  the  influence  of  deamination  in  position  1 
and  carba  modification  of  the  bridge  on  their  agonistic  and/or  antagonistic  properties. 
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fH* - CHj  S - CH, 

Rl-NH-CH-COORZ  R3-NH — CH — r»OOH 

i.  R'-CIZ,  RJ-Me,  RMJoc  3.  R*~C1Z,  RH*/,  R»-Fmoc 
XR‘-Z,  RJ-Me,RJ-Boc  4,R'«Z,  R^Bu*.  R^Fmoc 

5.  R'“Boc,  R2— Bu*.  R*-Fmoc 


Fig.  1.  Selectively  protected  cystathionines. 
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Fig.  2.  Optimized  strategy  for  the  synthesis  of  C'-OXT. 
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Introduction 

Although  the  guanidino  group  of  arginine  is  relatively  inert  because  it  remains 
protonated  except  under  extrememly  basic  conditions  it  can  undergo  a  variety  of  side 
reactions  during  peptide  coupling  processes  such  as  acylation,  both  internal  and 
external,  at  the  guanidino  nitrogen  atoms.  Arylsulfonyl  protection  decreases  the 
tendency  of  many  arginine  derivatives  to  be  converted  to  the  corresponding  ornithine 
derivatives.  The  most  widely  used  guanidino  protecting  groups  are  the  Mtr  [1]  and 
Pmc  [2]  groups.  Indeed  the  Pmc  group  was  developed  out  of  the  Mtr  function  on  the 
basis  of  mechanistic  considerations  of  the  sensitivity  toward  acids  of  various 
arylsulfonyl  residues.  Based  on  these  studies  and  x-ray  crystallographic  data  the 
dihydropyran  ring  moiety  present  in  the  Pmc  unit  was  selected  as  being  optimal[3]. 
On  the  other  hand,  experimental  studies  by  Baddeley  [4,  5]  suggested  that  the 
dihydrobenzofuran  analogs  of  the  Pmc  residue  might  be  more  sensitive  to  acidic 
deblocking  agents.  In  the  event  this  proved  to  be  the  case. 

Results  and  Discussion 

The  synthesis  of  2,2,4,6,7-pentamethyldihydrobenzofuran  was  achieved  in  a 
single  step  from  2,3,5-trimethylphenol  1  and  isobutyraldehyde  using  H2S04  as 
catalyst  in  toluene.  Chlorosulfonation  gave  the  key  intermediate  Pbf-Cl  2  which  by 
reaction  with  Z-Arg-OH  under  the  usual  conditions  gave  Z-Arg(Pbf)-OH. 
Hydrogenolysis  by  means  of  10%  Pd/C  followed  by  reaction  with  Fmoc-OSu  gave 
Fmoc-Arg(Pbf)-OH  3  which  could  be  readily  purified  by  column  chromatography. 

Kinetic  studies  of  the  deblocking  of  Z-Arg(X)-OH  via  80%  TFA  showed  that 
with  X-Pbf  conversion  to  Z-Arg-OH  was  1.2- 1.4  times  as  fast  as  with  X=Pmc. 

In  order  to  evaluate  the  applicability  of  Fmoc-Arg(Pbf>OH  in  solid  phase 
peptide  synthesis  a  number  of  arginine-rich  model  peptides  were  synthesized  and 
results  compared  with  parallel  syntheses  using  the  corresponding  Pmc  analog.  All 
peptides  were  synthesized  via  Fmoc/fBu  chemistry  on  a  Millipore  9050+  automated 
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peptide  synthesizer.  Acylation  was  camied  out  with  S  equiv.  of  die  Fmoc-amino  acid, 
preactivated  with  Py BOP/HOB t/DEEA  or  with  Pfp/Dhbt  esters/  HOBt  using  60-nan 
coupling  times.  Fmoc  deprotection  was  carried  out  with  2%  DBU/2  %  piperidine  in 
DMF  for  6  minutes.  Treatment  with  reagent  R  (TFA-thioanisole-EDT-anisole, 
90:5:3:2)  for  2  hr  was  used  to  deblock  and  remove  the  peptide  from  the  resin. 
Comparison  of  peptides  synthesized  via  Fmoc-Arg(Pbf>OH  and  Fmoc-Arg(Pmc)-OH 
showed  that  the  yields  and  quality  of  the  final  products  in  die  two  cases  were  similar. 
Upon  treatment  of  the  protected  form  of  the  multi-arginine  peptide  vi  (tryptophan 
Boc-protected)  with  reagent  R  for  20  min.,  significantly  more  of  the  undeblocked 
and/or  partially  deblocked  peptides  (tg=26  min.)  remain  unaffected  in  the  case  of  the 
Pmc  as  opposed  to  the  Pbf  derivatives  (Figure  1). 


Table  1  Examples  of  peptides  made  via  Fmoc-Arg(X)-OH  X=Pbf  or  Pmc 


i.  H-Tyr-CHy-Lys-Arg-NHj[6] 

ii.  H-Tyr-Arg-Gln-Arg-Tyr-NHjfe] 

iii.  H-Arg-Lys-Asp-Val-Tyr-NHj[7] 

iv.  H-Gly-Arg-Ala-Asp-Ser-Plro-Lys-NHj 

v .  H-Tyr-Pro-Ser-Lys- Aca- Arg-His-Tyr-Ile- Asn-Leu-Be-Thr-Arg-Gln- Arg-Tyr- 
NH^] 

vi.  Ac-Trp-Arg-Arg-Arg-Arg-Val-OH[8] 


In  view  of  the  ease  of  synthesis  of  key  intermediates  and  the  somewhat  faster 
deblocking  process,  the  Pbf  residue  is  likely  to  prove  at  least  as  useful  for  arginine 
side-chain  protection  as  the  Pmc  residue,  and  could  be  especially  advantageous  for 
acid-sensitive  systems. 
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Introduction 


The  most  common  methods  for  the  formation  of  the  peptide  bond  involve  the 
presence  of  1 -hydroxy benzotriazole  (HOBt)[l].  HOBt  is  used  either  in  conjunction 
with  caibodiimides  or  active  esters,  or  built  into  a  stand-alone  reagent  in  the  form  of 
phosphonium  (BOP,  PyBOP)  [2]  or  uronium  salts  (HBTU,  TBTU)  [3].  Recently, 
l-hydroxy-7-azabenzotriazole  (HOAt)  [4]  has  been  described  as  a  superior  peptide 
coupling  additive,  which  enhances  coupling  yields  in  solution  by  about  6-32  times 
and  reduces  racemization  up  to  30%.  This  report  focuses  on  the  application  of 
HOAt,  as  well  as  its  uronium  (HATU)  and  phosphonium  (PyAOP)  salt  derivatives, 
to  solid-phase  peptide  synthesis. 


HOBt 


OH 


OH 


HOAt 


Results  and  Discussion 


HOAt  was  prepared  by  methylation  of  2-nitn>-3-pyridinol  followed  by  treatment 
with  excess  hydrazine  [3,  6].  The  corresponding  phosphonium  and  uronium  salts 
were  obtained  by  methods  previously  described  [2, 3], 

In  order  to  demonstrate  the  suitability  of  HOAt  derivatives,  several  syntheses  of 
the  fragment  65-74  (H-Val-Gln-Ala-Ala-Ile-Asp-Tyr-Ile-Asn-Gly-NH2)  of  the  acyl 
carrier  protein  were  carried  out  by  a  Fmoc/tBu  protection  scheme  (tBu  for  Tyr  and 
Asp,  and  Trt  for  Asn  and  Gin)  on  Fmoc-PAL-PEG-PS  using  a  continuous-flow 
Millipore  9030  Plus  synthesizer.  Coupling  times  woe  shortened  and  excesses  of 
reagents  were  reduced  in  order  to  emphasize  the  differences  between  HOAt-  and  HOBt- 
mediated  couplings.  Under  these  conditions,  incomplete  incorporations  were  detected 
for  Asn  onto  Gly,  lie72  onto  Asn,  lie69  onto  Asp,  and  Val  onto  Gin.  The  purity  of 
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the  peptides  was  judged,  after  cleavage  of  the  peptides  from  the  resin  with  TFA-HjO 
(9: 1)  for2h,  by  reversed-phase  HPLC.  The  results  shown  in  Table  1  indicated  clearly 
that  HOAt,  HATU,  and  PyAOP  are  superior  to  HOBt,  HBTU,  PyBOP,  and  PyBroP. 
Furthermore,  uronium  and  phosphonium  salts  were  preferred  to  carbodiimide/active 
ester  methods.  Finally,  addition  of  HOXt  in  HXTU  couplings  did  not  significantly 
improve  the  coupling  yields,  with  the  exception  of  Asn. 


Table  1  Synthesis  of  ACP(65-74)  with  HOAt-  and  HOBt-based  coupling  reagents 


Coupling 

equiv 

Time 

ACP 

•2Ile 

-lie72 

-Ile‘* 

-Val 

•Asn 

Method 

(min) 

DIPCDI-HOAi 

4 

— 

65 

2 

7 

9 

— 

2 

DBPCDI-HOBt 

4 

3 

31 

13 

mm 

18 

3 

1 

DIPCDI 

4 

3 

14 

4 

7 

22 

2 

32 

Pfp-HOAt 

4 

3 

82 

- 

- 

15 

1 

1 

■EmEMMI 

4 

3 

53 

1 

1 

33 

5 

1 

Pfi> 

4 

3 

0 

- 

- 

- 

- 

- 

HATU 

1.5 

1.5 

53 

3 

6 

12 

3 

16 

HBTU 

1.5 

1.5 

18 

16 

11 

19 

2 

7 

PyAOP 

1.5 

1.5 

45 

5 

7 

16 

1 

12 

PyBOP 

1.5 

1.5 

12 

19 

12 

16 

1 

2 

PyBroP 

1.5 

1.5 

0 

- 

- 

- 

- 

- 

HATU-HOAt 

1.5 

1.5 

50 

5 

9 

12 

2 

8 

HBTUHOBt 

1.5 

1.5 

17 

18 

12 

18 

3 

3 

Similar  results  were  obtained  when  HATU  was  applied  to  the  solid-phase 
synthesis  of  the  pentapeptide  H-Tyr-Aib-Aib-Phe-Leu-NH2  using  the  same  strategy 
described  above.  This  peptide  contains  the  sequence  Aib-Aib,  which  is  described  as 
being  particularly  difficult  [7].  After  2  h  of  coupling  using  4  equiv  of  both 
Fmoc-Aib-OH,  Fmoc-Tyr(rBu)-OH,  and  HXTU  plus  8  equiv  of  DIEA  (all  remaining 
couplings  were  carried  out  for  30  min),  the  pentapeptide  was  obtained  with  a  purity 
of  94%  for  the  HATU  synthesis,  and  only  43%  for  HBTU. 

Finally,  the  synthesis  of  peptide  H-D-Ala-MeLeu-MeLeu-MeVal-Phe-Val-OH, 
on  a  KB-PEG-PS  resin  was  attempted.  The  AZ-terminal  tetrapeptide  section  represents 
a  fragment  of  cyclosporin.  The  incorporation  of  the  last  three  amino  acids  required  a 
double  coupling  protocol  for  2  h.  Using  these  conditions  and  after  cleavage  of  the 
peptide  with  TFA-CH2C12  (2:98)  for  1  h,  the  hexapeptide  was  obtained  in  a  purity  of 
85%  in  the  case  of  HATU,  and  only  8%  for  HBTU.  In  this  latter  synthesis,  the 
major  peak  (48%)  corresponded  to  the  tripeptide  H-MeVal-Phe-Val-OH. 

In  conclusion,  the  efficiency  of  HATU  and  HOAt  has  been  demonstrated.  These 
derivatives  enhance  reactivity,  reduce  racemization,  and  are  suitable  for  the  preparation 
of  peptides  containing  hindered  amino  acids. 
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Introduction 

Solid  phase  peptide  synthesis  was  introduced  by  Merrifield  in  1963  [1]  and  has 
been  widely  used  ever  since.  However,  little  has  been  mentioned  of  advances  towards 
reversing  the  conventional  C-to-N  direction  of  synthesis.  This  would  create  a  new 
approach  to  synthesising  peptides  with  modifications  at  the  C-terminal  and  it  may 
facilitate  fragment  coupling  using  solid  phase  methodology.  Earlier  attempts  at 
solid-phase  peptide  synthesis  in  the  N-to-C  direction  [2,  3]  were  hindered  by  the  use 
of  amino  acid  esters  that  were  effectively  too  stable.  As  a  consequence  the  condition- 
required  for  the  removal  of  the  ester  protection  before  commencing  the  next  additk 
cycle  were  very  harsh.  In  order  to  improve  this  situation  a  more  suitable  amino  acid 
ester  building  block  had  to  be  employed.  Silyl-based  protecting  groups  have  found 
ever-increasing  use  in  organic  synthesis.  Amino  acid  trialkyl  and  trialkoxy  silyl 
esters  have  been  investigated  in  this  research  as  possible  derivatives  suitable  for  use 
in  solid-phase  peptide  synthesis  in  the  N-to-C  direction.  Three  types  of  amino  acid 
silyl  esters  have  been  prepared,  trimethylsilyl,  tert-butyldimethylsilyl  and  th-tert- 
butoxysilyl  esters.  Of  these  three  it  has  been  the  amino  acid  tri-rerr-butoxysilyl 
esters,  first  described  by  Gruszecki  and  co-workers  [4]  that  have  exhibited  the  greatest 
potential.  These  derivatives  are  easily  prepared,  are  stable  throughout  the  coupling 
reaction  ?nd  are  conveniently  and  rapidly  removed  before  commencing  the  next  cycle. 
A  novel  method  of  solid  phase  peptide  synthesis  from  the  N  -*  C  direction  has  been 
developed  and  a  number  of  peptides  have  been  synthesised,  characterised  and  evaluated 
using  this  methodology.  The  protocol  involves  the  incorporation  of  alkoxysilyl 
group  into  the  carboxyl  function  of  amino  acids  for  use  in  peptide  synthesis. 

Results  and  Discussion 

Amino  acid  tri-rm-butoxysilyl  esters  were  prepared  by  the  procedure  of 
Gruszecki  and  co-workers  [3]  and  their  identity  was  confirmed  by  infra-red,  lH  nuclear 
magnetic  resonance  (NMR)  spectra  and  accurate  mass  measurements.  Attachment  of 
the  N-terminal  residue  to  the  solid  support  via  its  amino  function  had  previously 
been  achieved  through  a  benzyloxycarbonyl  linkage  [2].  This  approach  provides  a 
peptide-resin  linkage  that  is  stable  to  all  reagents  used  for  ester  hydrolysis  and  is 
cleavable  at  the  end  of  the  synthesis  by  treatment  with  strong  acid  such  as  hydrogen 
fluoride  or  trifluoromethanesulphonic  acid. 

Employing  the  benzyloxycarbonyl  resin-amino  acid  linkage,  amino  acid  tri-tm- 
butoxysilyl  esters  and  1 ,3-diisopropylcarbodiimide/l  -hydroxy benzotriazole  mediated 
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couplings  peptides  have  been  successfully  synthesised  on  the  solid-phase  in  the  N-to- 
C  direction.  The  test  tetrapeptide,  Leu-Ala-Gly-Val,  and  leucine-enkephalin  were 
both  prepared  in  good  yield.  The  quality  of  the  product  in  both  cases  was  comparable 
to  the  product  obtained  when  the  peptides  were  synthesised  in  the  conventional  C-to- 
N  direction  using  Fmoc  chemistry.  In  the  case  of  the  leucine -enkephalin  synthesis  a 
somewhat  longer  coupling  time  was  required  for  the  addition  of  the  C-terminal 
leucine  than  was  expected.  The  problem  of  the  difficult  leucine  addition  was  easily 
overcome  by  simply  extending  the  duration  and  coupling. 

The  unpredictable  nature  of  the  coupling  rates  encountered  during  solid-phase 
peptide  synthesis  means  that  the  strategy  benefits  from  a  monitoring  system  that  can 
detect  slow  couplings  as  they  occur.  A  great  deal  of  effort  has  been  expended  in  the 
development  of  such  a  system,  but  without  definitive  success.  The  detection  of 
residual  carboxyl  groups  on  the  resin  would  first  require  the  decomposition  of  any 
active  ester  present.  Decomposition  of  active  esters  followed  by  the  detection  of  the 
resultant  carboxyl  group  could  still  be  a  one-step  process  in  practice  provided  the 
assay  is  performed  in  aqueous  solution  after  the  correct  choice  of  activation.  The 
correct  choice  of  activation  is  governed  by  the  fact  that  any  active  ester  present  would 
need  to  be  sufficiendy  unstable  in  an  aqueous  medium  to  be  hydrolysed  to  the  acid. 
Detection  of  the  carboxylic  acid  by  its  reacdon  with  sodium  carbonate  in  the  presence 
of  phenolphthalein  shows  great  promise  in  this  type  of  monitoring  system.  The 
levels  of  acid  that  can  be  detected  with  phenolphthalein  were  as  low  as  1 .0  pinole 
which  would  provide  adequate  sensidvity  in  most  cases.  A  drawback  of  performing 
the  assay  in  aqueous  medium  is  that  the  polystyrene  based  resin  used  in  this  research 
does  not  show  extensive  swelling  in  such  a  soludon.  This  is  currently  under 
investigation. 

The  successful  synthesis  of  leucine-enkephalin  in  the  N-to-C  direction  using 
1 ,3-diisopropylcarbodiimide/ 1  -hydroxbenzotri azole  mediated  couplings  gave  the 
product  in  good  yield  (71%)  requiring  minimal  purification.  The  synthesis  was 
repeated  employing  BOP  as  the  activating  agent,  but  using  dichloromethane  as  the 
solvent  rather  than  N,N-dimethylacetamide.  The  coupling  times  were  thus  reduced  to 
2  hours  duration  increasing  the  overall  synthetic  procedure.  On  the  other  hand,  die 
quality  of  the  product  was  not  as  good  when  this  approach  was  used  giving  a  product 
that  was  only  around  80%  pure.  Furthermore,  the  hydroxyl  functions  of  tyrosine, 
threonine  and  serine  may  not  require  protection  during  the  synthesis. 

The  possibility  of  racemisation  during  the  synthesis  was  always  considered  and 
the  chiral  purity  of  die  synthesised  leucine-enkephalin  was  extensively  scrutinised. 
No  racemisation  was  detected  when  analysing  the  product  by  RP-HPLC,  enzymatic 
digestion  with  Carboxypeptidase  A  or  specific  optical  rotation.  The  coupling 
procedures  employed  thus  far,  i.e.  1,3-diisopropylcarbodiimide/l-hydroxbenzotriazole 
and  BOP  in  dichloromethane  are  suitable  for  the  solid-phase  synthesis  of  peptides  in 
the  N-to-C  direction. 

The  solid-phase  synthesis  was  finally  extended  to  the  preparation  of  peptides 
possessing  C-terminal  modifications.  The  important  advantage  of  this  methodology 
is  that  it  allows  die  in  situ  modification  of  carboxyl  function  (aldehyde,  alcohol,  etc.) 
which  has  important  applications  in  the  synthesis  of  therapeutically  active  peptides. 
The  peptide  analogues  synthesised  were  based  on  leucine-enkephalin  with  die  addition 
of  a  modified  leucine  residue  at  the  C-terminus.  The  leucine -enkephalin-diol  was 
synthesised  using  1,3-diisopropylcarbodiimide/l-hydroxybenzotriazole  mediated 
couplings  and  afforded  the  desired  product  in  excellent  yield  (73%)  and  purity.  The 
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synthesis  of  a  number  of  enkephalin  analogues  which  are  otherwise  inaccessible  has 
been  accomplished.  Further  work  in  this  area  is  in  progress. 

The  method  developed  offers  an  alternative  approach  to  the  preparation  of 
peptides  possessing  C-terminal  modifications.  The  implementation  of  solid-phase 
strategies  for  the  production  of  such  peptide  analogues  will  greatly  enhance  the 
efficiency  of  their  synthesis  over  the  currently  employed  solution-phase  techniques. 
The  solid-phase  approach  to  the  synthesis  of  C-terminally  modified  peptides  provides 
a  procedure  that  is  simple  to  perform  and  possesses  the  potential  to  become  an 
automated  process  due  to  its  repetitive  nature.  The  advantages  of  this  method  should 
have  a  beneficial  effect  in  both  preparation  of  peptide  analogues  for  research  and  in 
the  efficient  production  of  some  peptide  analogues  currently  used  for  diagnostic  and 
therapeutic  purposes. 
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Introduction 

The  chemical  incorporation  of  Aib  (a-aminoisobutyric  acid)  into  peptides  is  of 
growing  interest  due  to  the  increasing  number  of  isolated  naturally  occurring  peptides 
bearing  such  units.  The  conventional  peptide -chain  assembly  for  the  coupling  of  one 
or  more  adjacent  Aib-tesidues  either  fails  completely  or  requires  long  reaction  times, 
as  reported  for  Fmoc-Aib  symmetrical  anhydride  [1]  and  recently  for  the  use  of  Fmoc- 
Aib-NCA  and  PyBroP  activation  [2].  In  this  paper  a  comparative  examination  of 
Fmoc-Aib-F  and  of  the  above  mentioned  techniques  is  described. 


Results  and  Discussion 

In  order  to  compare  different  coupling  procedures  for  the  incorporation  of 
sterically  hindered  amino  acid  residues  in  SPPS,  four  adjacent  Aib-units  were  coupled 
to  a  model  hexapeptide  [h-CRF(36-41):  H-Lys-Leu-Met-CHu-Ile-Ile-NH2]  by  means 
of  Fmoc-Aib-F,  Fmoc-Aib-NCA,  Fmoc-Aib  symmetrical  anhydride  and  Fmoc-Aib- 
OH/PyBroP.  Coupling  of  the  Aib- residues  was  carried  out  for  IS  min  in  a  0.2  M 
solution  of  DMF  with  3  equivalents  of  the  Fmoc  amino  acid  derivative  (Fmoc-Aib-F 
and  preformed  (Fmoc  Aib^O:  1  eq.  DIEA;  PyBroP:  1.8  eq.  DIEA  /  0.2  eq.  DMAP, 
3  min  preactivation;  Fmoc-Aib-NCA:  no  base  added).  The  extend  of  reaction  was 
monitored  by  U.V.  analysis  of  the  Fmoc  deprotection  step  (20%  piperidine/DMF, 
IS  min)  (Figure  1). 

The  results  show  that  only  the  fluoride  derivative  gave  the  desired  decapeptide 
with  all  four  Aib  residues  incorporated  (Figure  2b),  whereas  all  three  of  the  other 
techniques  led  to  formation  of  the  heptapeptide  bearing  only  a  single  Aib  unit  as  the 
major  product  (Figures  2a,  c,  d).  All  of  the  major  components  were  analyzed  by  ES- 
MS. 
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Fig.  1.  Aib  coupling  efficiency,  stepwise  elongation  of  h-CRF(36-4l). 

Since  we  found  similar  acylating  yields  of  the  used  coupling  techniques  for  the 
coupling  of  Fmoc-Aib  onto  an  amino-resin  (TG-SRAM),  the  obtained  differences  for 
the  coupling  of  adjacent  Aib  residues  are  most  likely  due  to  the  small  size  of  the 
fluoride  as  leaving  group. 

In  the  case  of  chain-assembly  by  Fmoc-Aib-NCA  the  formation  of  side  products 
was  detected,  which  could,  according  to  ES-MS  (M+44)  and  l3C-NMR  (additional 
carbon:  DMSO-d6,  8  (ppm):  157.13)  be  explained  by  a  “wrong”  opening  of  the 
UNCA,  as  described  by  Ropple  [3]  for  unprotected  Aib-NCA  and  by  Kaminski  et.  al. 
[4]  for  sterically  hindered  mixed  anhydrides.  Interestingly,  the  reproducible  side 
product  formation  did  not  occur  by  means  of  BOC- Aib-NCA  and  more  surprisingly 
by  substitution  of  Lys  by  ®y  in  the  used  model  peptide  [h-CRF(36-41)]  either. 

In  view  of  the  expectation  of  prolonged  reaction  times  by  the  incorporation  of 
sterically  hindered  amino  acids  into  peptides,  the  stability  of  the  Fmoc-group 
becomes  important  to  avoid  side  reactions.  In  order  to  examine  possible  differences 
regarding  the  Fmoc -cleavage,  Fmoc-Aib-F,  Fmoc-Aib-OH,  Fmoc-Aib-NCA  and 
Fmoc-Aib  symmetrical  anhydride  have  been  checked  towards  bases  routinely  used  in 
SPPS  at  ambient  temperature  under  synthesis  relevant  conditions  (amino  acid 
derivative:  0.2M  in  DMF,  1  eq.  DIEA  or  0.1  eq.  NMM).  The  results  obtained 
indicate  a  significant  loss  of  the  Fmoc-group  for  the  Fmoc-Aib-NCA  (1  eq.  DIEA: 
35%  after  90  min,  0.1  eq.  NMM:  12%  after  90  min),  whereas  the  other  species  show 
Fmoc-deprotection  less  than  5%  towards  both  bases. 

These  examinations  suggest  an  avoidance  of  long  coupling  times  and  exclusion 
of  bases  for  the  Fmoc-protected  NCA’s  where  the  use  of  1  eq.  DIEA  is  recommended 
to  obtain  products  with  higher  purity  [5]. 

Conclusively,  the  Fmoc-amino  acid  fluorides  are  because  of  their  small  leaving 
group  and  their  sufficient  stability  well  suited  for  the  incorporation  of  highly  hindered 
amino  acids. 
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Fig.  2.  HPLC  profiles  of  crude  products  from  the  stepwise  elongation  of  h-CRF(36-41)  by 
four  Aib-residues  using:  (a)  Fmoc-Aib-NCA,  (b)  Fmoc-Aib-F.  (c)  Fmoc-Aib-symmetricol 
anhydride,  (d)  Fmoc-Aib-OH/PyBroP.  Peaks  1-4  show  the  products  with  1.2.3  and  4  Aib- 
residues  incorporated  Peaks  l*-3 *  show  side  products  obtained  in  the  case  of  Fmoc-Aib- 
NCA  with  masses  of  +44  relative  to  the  corresponding  peptide  with  1,  2.  and  3  Aib-units 
incorporated.  Additionally  smaller  peaks  with  detected  masses  of  +56  relative  to  the 
corresponding  peptides  with  I,  2,  and  3  Aib-units  incorporated  were  detected  by  using  the 
VNCA. 
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Introduction 

In  an  attempt  to  reduce  racemization  accompanying  several  peptide  bond 
forming  reactions,  Brenner  [1]  proposed  already  in  the  sixties  the  low  power 
approach'.  Typically,  the  individual  amine  and  carboxyl  components  are  linked  to  a 
template  and  peptide  bond  formation  occurs  via  intramolecular  aminolysis.  The 
approach  is  exemplified  by  the  acid-catalyzed  rearrangement  of  /V-acyl- 
AT-a-aminoacylhydrazine  A  into  dipeptide  hydrazide  B  [2]: 

HN-CO-CHR‘-NH-Z 

H2N-CHRa-CO-NH 


Vtrans’  A 


II 


HN-CO-CHR'-NH-Z 
HN-CO-CHR2-’ 


-NH, 


Jh2 

-CO-CHR2-NH-CO-CHR1  -NH-Z 


’j-cis*  A  B 

Fig.  1.  Rearrangement  of  di-acyl  hydrazine  A  [2], 

A  serious  drawback  of  this  amino  acid  insertion  method  using  hydrazine  as  a 
template  is  that  di-acyl  compound  A  tends  to  adopt  the  'j-trans  conformation’  while 
only  the  'j-cis  conformation'  rearranges.  However,  as  Bodanszky  [3]  already 
recognized,  ”...  the  insertion  principle  is  a  thought-provoking  and  challenging 
concept ."  In  this  respect,  we  reasoned  that  the  use  of  a  cyclic  hydrazine,  i.e. 
tetrahydrophthalazine  (THPhth),  leading  to  the  optimal  'cis'  orientation  of  hydrazide 
A  would  favour  insertion.  The  advantageous  application  of  THPhth  as  a  template  for 
intramolecular  peptide  synthesis  will  be  illustrated  by  the  synthesis  of  the  protected 
tripeptide  Z-Val-Gly-Ala-OMe  [5]. 
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Resalts  and  Discussion 


The  requisite  di-acylated  THPhth  derivatives  la-g  (Figure  2,  Table  1),  were 
prepared  by  mono-acylation  of  the  HC1  salt  of  THPhth  [4]  with  BOP-activated 
Z-amino  acids  followed  by  acylation  with  Fmoc-amino  acid  chlorides  and  subsequent 
Fmoc-deprotection.  Isomerization  of  la-g  into  2a-g  was  achieved  by  the  catalytic 
action  of  acetic  acid.  In  most  cases,  the  reaction  was  complete  in  less  than  1  h  at  r.t. 
as  gauged  by  TLC  analysis.  In  contrast,  the  comparable  hydrazine  derivatives  A 
rearrange  much  slower  (reaction  times  ranging  from  a  few  hours  to  several  weeks)  or 
even  do  not  react  at  all. 


N-CO-CHR'-NH 

i-CO-CHR2-NH 


-Z 

2 


la-g 


1.5%  AcOH/THF 


NH 

A-CO-CHR2-NH-CO-CHR1-NH-Z 


2a-g 


Fig.  2.  Rearrangement  of  di-acyl  THPhth  l. 


Table  1  Relevant  data  on  the  rearrangement  of  l 


Entry 

Substrate 

1 

R1 

R2 

Product 

2 

Time 

(min) 

Yield 

(%) 

J 

la 

H 

(Gly) 

H 

(Gly) 

2a 

25 

81 

2 

lb 

H 

M 

Me 

(Ala) 

2b 

20 

85 

3 

lc 

H 

" 

i-Pr 

(Val) 

2c 

10 

70 

4 

Id 

Me 

(Ala) 

H 

(Gly) 

2d 

45 

79 

5 

le 

Me 

i-Bu 

(Leu) 

2e 

20 

90 

6 

If 

»-Pr 

(Val) 

r-Bu 

(He) 

2f 

3.5  h 

69 

7 

i-Pr 

n 

H 

(Gly) 

2g 

9h 

73 

The  feasibility  of  the  described  amino  acid  insertion  for  peptide  synthesis  is 
demonstrated  by  the  synthesis  of  the  protected  tri peptide  5  (Figure  3).  Thus,  2g  was 
effectively  coupled  with  Fmoc-Ala-Cl  to  afford  the  di-acylated  THPhth  derivative  3. 
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Fmoc-deprotection  of  3  followed  by  acid-catalyzed  rearrangement  yielded  the  mono- 
acylated  THPhth  4.  Release  of  the  tripeptide  from  the  template  by  oxidative 
treatment  of  4  with  N-bromosuccinimide  [6]  in  the  presence  of  MeOH  resulted  in  the 
isolation  of  Z-Val-Gly-Ala-OMe  [5]  in  34%  overall  yield  from  THPhth»HCl. 

Peptide  synthesis  by  amino  acid  insertion  via  intramolecular  rearrangement  can 
effectively  be  realized  by  application  of  THPhth  as  a  template. 


Z-Val-Gly-Ala-OMe 

5  4 

Fig.  3.  The  synthesis  of  a  tripeptide  by  the  insertion  principle.  Conditions:  (i) 
Fmoc-Ala-Cl,  DIEA,  CH2Cl2.  5  min.  94%;  (ii)  40%  aq.  HfHCH^HF,  1  h;  (iii)  1.5% 
AcOH/THF,  35  min,  91%  (from  3);  (iv)  NBS.  MeOWCH2Cl2,  2  h,  67%. 
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Introduction 

We  have  investigated  membrane  based  peptide  synthesis  (MBPS)  as  a  viable 
alternative  to  existing  technology.  Reaction  rates  in  porous  solid  phases  are  limited 
by  diffusion  and  have  correspondingly  longer  reaction  times.  Membranes  in  flow 
through  configuration  should  permit  uniform  perfusion  [1].  When  converting 
advantageous  membrane  kinetics  to  peptide  synthesis,  proper  membrane  choice  is 
critical.  One  example  in  peptide  chemistry  is  the  polypropylene  membrane  coated 
with  polyhydroxypropylacrylate  introduced  by  Milligen/Biosearch  [2], 

Results  and  Discussion 

Various  synthetic  membranes  were  monitored  for  stability  to  reagents  and 
physical  processing.  The  most  stable  membranes  had  high  cellulose  content.  Four 
membranes  were  then  chemically  modified.  Functionalization  of  the  membrane  with 
diaminohexane  or  diaminobutane  was  first  achieved  by  carbon y Idiimidazolc  treatment 
to  form  covalent  bonding  via  a  urethane  group.  Two  additional  carbohydrate 
modification  chemistries  were  used  including  cyanuric  chloride  (trichlorotriazene)  [3]. 
The  most  stable  linkage  chemistry  involved  formation  of  an  ether  bond  to  cellulose 
using  ethylene  glycol  diglycidyl  ether  (EGDGE)  [4]  or  a  diepoxide  followed  by 
treatment  with  a  diamine  (Table  1). 

Amplification  of  active  sites  on  the  membrane  with  lysine  branching  ("MAPS" 
approach)  [3]  yielded  substitution  levels  (0.3- 1.0  mmol/g)  acceptable  for  peptide 
synthesis.  Following  amplification,  membranes  were  submitted  to  various  linker 
chemistries.  4-hydroxymethyl  benzoic  acid,  linked  to  the  amine  by  way  of  an 
aminocaproic  acid  spacer,  was  chosen  for  stability  during  peptide  synthesis  and 
compatibility  with  mild  methods  of  peptide  resin  cleavage. 

Rapid  flow  rates  were  observed  using  NPC-100  membranes  and  various 
common  solvents.  Residence  times  measured  under  pressurized  flow  (200  mm  Hg) 
were  46  and  44  sec,  respectively,  in  water  and  DMF.  Peptides  synthesized  using  the 
NPC-100  membrane  support  and  Fmoc/HBTU  chemistry  included  leucine-enkephalin 
and  des-Arg*-bradykinin. 
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Table  1  Selection  of  Membranes  with  Functionalization 


Solid  Support 

Function  (Chemistry) 

Substitution  (pmol/gram) 

Mac* 

1 ,4-diami nobutane  (CDI) 

35 

Amino-membrane  (CUNO) 

None 

48 

Cellulose  fiber  (rayon) 

1,4-diaminobutane  (CNC1) 

31 

NPC-100 

1,6-diaminohexane  (CDI) 

139* 

171* 

NPC-100 

1 ,4-diami  nobutane(CDI) 

27 

NPC-100 

1 ,6-diaminohexane(CNCl) 

and  Aca  spacer 

80 

NPC-100 

1 ,6-diaminohexane(EGDGE) 
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‘Abbreviations:  Mac  (microcrystalline  amino-cellulose);  NPC-100  (microporous  cellulose 
membrane);  Aca  (aminocaproic  acid);  CDI  (carbonyldiimidazole);  CNCL  (cyanuric 
chloride);  EGDGE  (ethylene  glycol  diglycidyl  ether). 

Membrane  Based  Peptide  Synthesis  (MBPS)  has  unique  qualities  that  should 
make  it  a  useful  candidate  for  rapid  large  scale  peptide  synthesis.  Its  utility  is 
increased  by  lysine  amplification  and  by  attachment  of  benzyl-based  linkers  suitable 
for  mild  cleavage  techniques. 
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SAL:  A  silicon-based  linkage  agent  for  Fmoc 
solid  phase  synthesis:  Improved  yields  of  peptide 
amides  containing  tryptophan 


H.-G.  Chao,  M.S.  Bernatowicz  and  G.R.  Matsueda 
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Introduction 

Recently,  SPPS  using  the  Fmoc/t-butyl  strategy  has  gained  great  popularity. 
Consequently,  a  variety  of  TFA  cleavable  linkage  agents  have  been  developed  for  the 
production  of  C-terminal  peptide  amides  using  Fmoc/t-butyl  strategy.  Many  of  the 
linkage  agents  share  common  properties  and  all  of  them  have  the  tendency  to  produce 
stable  carbonium  ions  under  the  cleavage  conditions  [1].  The  side  reactions  caused  by 
such  stable  carbonium  ions  have  been  well  documented  [1,2].  In  order  to  suppress 
such  problems,  the  use  of  scavengers  or  scavenger  combinations  during  TFA 
cleavage  is  common  but  not  always  completely  satisfactory  [1,  3]. 

Results  and  Discussion 

In  this  paper  we  describe  the  use  of  the  novel  silicon-based  linkage  agent,  4-{  1- 
(amino)-2-(trimethylsilyl)ethyl }  phenoxyacetic  acid  (SAL),  for  the  preparation  of  C- 
terminal  peptide  amides  using  the  Fmoc/t-butyl  based  solid  phase  peptide  synthesis 
strategy. 


Me3Si 


H,N 


°"Y 


OH 
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SAL  linker 


The  SAL  linker  was  specifically  designed  to  minimize  the  problems  associated 
with  the  carbonium  ions  generated  under  TFA  cleavage  conditions.  The  desJgn  of 
SAL  linker  takes  advantage  of  the  ^-elimination  propensity  of  organosilicon 
compounds  which  facilitates  the  quenching  of  the  carbonium  ions  formed  during 
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cleavage  with  TFA  [1],  The  SAL  linker  was  prepared  in  six  steps  in  17-21%  overall 
yield  [1].  The  coupling  of  SAL  onto  aminomethylpoly styrene  support  was 
performed  using  standard  coupling  chemistry  (e.g.,  BOP  reagent,  HBTU,  DCC/HOBt 
etc.)  and  satisfactory  results  were  obtained  in  all  cases.  In  comparative  studies, 
Fmoc-Val-linker-resin  and  Fmoc-Met-linker-resin  derivatives  were  treated  with 
TFA/phenol  (95:5)  and  97%  cleavage  was  obtained  within  15  min  for  the  SAL 
linker,  in  contrast  to  75%  and  60%  obtained  for  commercially  available  PAL  linker 
and  Linker  AM,  respectively.  A  more  stringent  test  was  performed  using  Fmoc-Val- 
Tip-linfcer-resin  derivatives  as  models.  In  these  studies,  maximum  cleavage  (90%)  of 
SAL  linker  was  obtained  after  45  min  with  TFA/EDT/phenol/thioanisole  (90:5:3:2) 
(Reagent  TEPT).  Under  the  same  conditions,  Fmoc-Val-Tip-PAL  linker  and  Linker 
AM  derivatives  gave  maximum  cleavage  yields  of  about  20-30%  (Figure  1). 


▼  r  r  • 1  '  f  '  T  ’  V  »  I 

0  10  20  30  40  50  60 


Time  (min) 

Fig.  I.  Time  course  for  the  cleavage  of  Fmoc-Val-Trp-linker  resin  derivatives  using 
reagent  TEPT.  An  aliquot  of  the  resin  was  removed  at  various  limes,  washed,  dried  and 
subjected  to  UV  analysis. 

These  results  clearly  demonstrate  that  the  use  of  SAL  linker  has  advantages 
compared  to  PAL  linker  and  Linker  AM  in  terms  of  both  peptide  yields  and  speed  of 
cleavage.  In  addition,  several  peptide  amides  including  two  C-terminal  tryptophan 
peptide  amides  were  prepared  using  SAL  linker.  All  were  obtained  in  high  yields  and 
high  purity  (Table  1).  Authenticity  of  the  purified  peptides  was  established  by 
FABMS  and  amino  acid  analysis. 
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Tablet  Peptide  amides  prepared  using  SAL  linker 


Sequence 

crude 

Yields(%) 

purified 

(1)  GDFEHPEEYLQ 

87 

56 

(2)  KKLESHNDC 

92 

51 

(3)  SSIPDAPW 

91 

43 

(4)  SSIPDAPWW 

87 

40 

A  novel  silicon-based  linkage  agent  that  we  call  "SAL”,  has  been  synthesized 
and  characterized.  The  benefits  of  using  the  SAL  linker  compared  to  conventional 
linkers  have  been  clearly  demonstrated,  particularly  with  respect  to  tryptophan- 
containing  peptides.  Development  of  silicon-based  linkage  agents  for  the  synthesis 
of  C-terminal  peptide  carboxylic  acids  has  been  completed-will  be  the  subject  of  a 
future  publication. 
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Synthesis  of  protected  peptide  fragments 
following  the  Fmoc/Bu -strategy  and  fragment 
condensations  on  a  solid  support 
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Introduction 

Recently  the  sequence  of  a  gene  was  published  which  is  conserved  and  Y- 
specific  among  a  wide  range  of  mammals.  It  could  be  established  that  the  transcript 
of  this  gene  is  testis-determining  (at  least  in  mice)  [1]  and  that  it  binds  to  DNA 
selectively  [2].  This  gene  was  called  SRY  (Sry  for  mice)  -  Sex-determining  Region 
on  the  chromosome  Y. 

An  78  aa  peptide  fragment  out  of  the  protein  encoded  by  SRY  shares  high 
homology  with  a  conserved  DNA-binding  motif  present  in  the  nuclear  high-mobility 
group  proteins  HMG1  and  HMG2.  This  peptide  fragment  seems  to  have  an 
important  structural  role  in  the  protein  and  investigations  concerning  its  structure  and 
interactions  with  DNA  may  provide  insight  into  the  genetic  control  of  developmental 
decisions  in  mammals. 

In  order  to  make  the  SRY-peptide  available  for  NMR  structure  elucidation  we 
started  its  chemical  synthesis  by  the  assembly  of  fully  protected  peptide  fragments  on 
the  2-chlorotrityl  resin  [3]. 

SRY:  DRVKRPMNA9  FIVWSR  15  DQRRKMA22  LENP26  RMRNSEISKQKG38 
YQWKMLTEA^EKWPFFQEA56  QKLQAMHREKYP^NYKYRPRRKA78 

Resalts  and  Discussion 

The  protected  peptide  fragments  were  synthesized  via  solid-phase  methods  on 
the  2-chlorotrityl  resin  (0.5-0.8mmol/g  Fmoc-aa)  using  Fmoc/*Bu-strategy  and  in 
situ  DIC/HOBT  coupling.  The  side  chain  protecting  groups  used  throughout  the 
syntheses  were:  (Bu  for  S,  T,  D  and  E;  Tit  for  H,  N  and  Q;  Boc  for  K;  Mtr  or  Pmc 
for  R.  Couplings  were  performed  employing  a  2  fold  molar  excess  of  Fmoc- 
aa/HOBT/DIC  (1 : 1 .5: 1)  in  DMF  for  one  to  four  hours  and  repeated  if  necessary. 
Completeness  of  the  couplings  was  verified  by  the  reaction  with  ninhydrin.  Ftnoc- 
deprotectkm  was  carried  out  using  40%  piperidine  in  DMF  for  40  minutes  at  RT  and 
monitored  by  TLC  (SiC^bO-plates,  toluol/methanol/acetic  acid  7:1.S:1.S)  [3].  This 
monitoring  often  enhanced  the  purity  of  the  crude  products.  The  protected  fragments 
were  cleaved  from  the  resin  by  treatment  with  DCM/TFE/AcOH  7:2:1  and  3:1:1, 
respectively,  for  2  hours  at  RT.  They  all  were  obtained  in  very  good  yields  and 
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purity,  except  for  SRY(57-68).  This  peptide  contains  a  His(Trt)  which  is  partially 
deprotec  ted  even  under  the  mildest  acidic  conditions  of  peptide-resin  cleavage.  RP- 
HPLC  with  ACN/H2O+0.1%TFA  gradients  could  be  applied  for  the  purification.  In 
some  cases,  however,  there  was  an  enormous  loss  in  yield  due  to  the  poor  solubility 
of  the  peptides.  The  fragments  were  characterized  by  RP-HPLC,  FAB-MS  and 
standard  sequential  2D-NMR  assignment  (DQF-COSY,  NOESY). 

For  the  condensations  the  purified  SRY(69-78)  was  attached  to  2-chlorotrityl 
resin  (0.06  mmol/g)  and  the  following  fragments  were  coupled  with  an  6-8  fold 
molar  excess  (protected  fragment/HOBT/DIC  1:2:1)  in  DMSO  at  RT  for  one  to  three 
days.  Afro'  each  condensation  small  amounts  of  the  protected  peptide  were  cleaved 
from  the  resin,  treated  with  reagent  K  (82.5%  TFA,  5%  phenol,  5%  water,  5% 
thioanisole,  2.5%  ethanedithiol  [4])  for  3  hours  at  RT  and  characterized  by  RP-HPLC 
and  ESI-MS.  We  found  that  the  condensations  of  the  fragments  could  easily  be 
carried  out  up  to  the  40  aa  residue  peptide  SRY(39-78)  with  good  yield  (>65%)  and 
high  homogeneity  of  the  crude  product.  Because  of  the  inhomogeneity  of  the 
sample,  the  mass  of  the  target  peptide  SRY(l-78)  could  only  be  obtained  by  ESI-MS 
with  maximum-entropy  deconvolution.  The  purification  of  SRY(l-78)  has  still  to 
be  elaborated. 

SRY(39-78)  was  investigated  by  NMR  (3.86  mM  in  water,  pH  4.0,  283.1  K) 
and  showed  no  secondary  structure.  Following  the  Chou-Fasman  predictions  this 
fragment  should  contain  two  a-helical  segments.  And  indeed,  the  CD-spectrum  of 
SRY(39-78)  shows  two  negative  bands  at  206  and  222  nm  and  one  positive  band  near 
192  nm  when  50%  TFE  is  added  which  are  characteristic  for  a-helices. 
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Introduction 

Solid  phase  synthesis  of  peptides  has  traditionally  been  carried  out  by  linking  an 
amino  acid  to  a  polymer  by  an  ester  or  amide  bond.  For  certain  applications,  it  is 
desirable  to  be  able  to  link  an  amino  group  to  the  resin.  The  synthesis  of  the  peptides 
with  C-terminal  alkylamino  terminus  has  been  carried  out  in  homogeneous  solution, 
combining  the  solid  phase  and  solution  synthesis  as  well  as  on  solid  phase  employing 
a  trifluoracetic  acid  labile  linker  and  Fmoc  chemistry  [1, 2J. 

Below  we  describe  a  method  that  allows  anchoring  of  a  primary  amino  group  to 
the  solid  support  for  a  further  solid  phase  synthesis.  Peptides  with  terminal 
alkylamino  group  can  be  synthesised  using  both  t-Boc  and  Fmoc  strategy,  and  the 
cleavage  from  the  resin  is  carried  out  under  very  mild  reaction  conditions. 

Results  and  Discussion 

The  total  route  for  the  synthesis  of  the  spider  venom  component 
pseudoargiopinine  in  [3]  on  solid  phase  is  shown  on  the  Scheme  1.  The  DCHA  salt 
of  the  allyl  handle  Trt-0-CH2-CH=CH-CH2-0-CH2-CCX)H  was  directly  coupled  to 
the  aminomethylresin  by  a  BOP  reagent,  resulting  in  the  trityi  protected  allylresin 
(III).  This  handle  was  described  by  Guibe  et  al.  [4]  and  is  now  commercially 
available.  After  the  removal  of  the  Tit  group  with  TFA  die  hydroxyl  group  was 
converted  to  p-nitrophenylcarbonate  by  12  hour  treatment  with  4-nitrophenyl 
chloroformate  at  the  presence  of  diisopropylethylamine  (IV).  Diamines  carrying  a 
single  protective  group  (like  N-trityl- 1 ,5-diaminopentane)  can  then  be  coupled  to  the 
resin  (V).  After  the  removal  of  the  Tit  group  by  1  hour  treatment  by  TFA/CH2Cl2 
and  coupling  of  a  Boc-Asn  and  indolacetic  acid  with  conventional  DCC  -  HOBt 
activation  resulted  in  a  resin  linked  pseudoargiopinine  m  (VII).  The  product  was 
cleaved  from  the  resin  by  (PhjP^PdC^  and  BujSnH  in  CI^Clj^CHj^SO.  The 
HPLC  elution  profile  of  the  crude  pseudoargiopinine  III  (VH[)  is  shown  on  the 
Figure  1.  The  molecular  mass  of  the  product  was  determined  by  plasma  desorption 
mass  spectrometry  and  was  within  the  error  limit  of  die  instrument  (±0.1%). 
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Scheme  1.  The  total  route  of  the  synthesis  of  pseudoargiopinine  III. 

(a)  Boc-Aca,  DCC/HOBt,  DMF;  (b)  TFA/CHyClj 50/50,  20  min;  (c)  Trt-O-CHj-CH^CH- 
CHj-O-COOH  •  DCHA,  Bop,  DlEA,  DMF;  (d)  TFA/CH2Cl2  5<VS0.  1  hour;  (e)  4- 
Nitrophenyl  chloroformate,  DlEA,  CH2Cl2  12  hours;  (f)  N-trityl-1 ,5-diaminopentane, 
CH2Cl2,  4  hours,  (g)  Boc-Asn,  DCC/HOBt,  DMF;  (h)  TFAX:H2Cl2  5000,  20  min;  (i) 
indoU-3-ocetic  acid,  DCC/HOBt,  DMF;  (J)  BujSnH,  (PhyP^PdCly.  CHjClydCH^O 
50/50,  1  hour. 

The  main  advantage  with  this  resin  is  that  the  allyloxycarbonyl  link  between 
resin  and  peptide  is  both  base  and  acid  stabile.  Only  about  10%  of  the  peptide  was 
cleaved  by  hydrogen  fluoride  during  one  hour  at  0°C  (data  not  shown).  This  stability 
allows  a  wide  range  of  synthetic  procedures  to  be  carried  out  without  cleaving  the 
peptide  from  the  resin.  Furthermore,  mild  selective  reaction  conditions  employed 
dining  the  cleavage  of  the  peptide  from  the  main  result  in  peptides  fully  protected  on 
all  functional  groups  except  the  terminal  amino  group.  This  can  be  used  for  selective 
modification  of  the  free  terminal  amino  group.  This  approach  can  prove  to  be  of 
value  in  the  solid  phase  synthesis  of  naturally  occurring  polyandries  that  often 
contain  terminal  guanidino  groups. 
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Fig.  1.  The  HPLC  elution  profile  of  crude  Pseudoargiopinine  HI  synthesised  on  solid 
phase. 
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groups  in  solid-phase  peptide  synthesis 


M.  Patek  and  M.  LebI 

Selectide  Corp.,  1580  E.  Hanley  Blvd.,  Tucson,  AZ  85737,  U.S.A. 


Introduction 

The  C-terminal  amide  functionality  which  is  found  in  many  natural  peptides 
often  serves  as  a  focal  point  for  the  development  of  synthetic  methodology.  The 
recent  advances  in  peptide  synthesis  have  opened  vast  new  ideas  for  the  intelligently 
designed  use  of  anchoring  linkages  and  protecting  groups  in  synthesis  of  complex 
peptides  [1].  In  particular,  there  is  growing  interest  in  the  use  of  linkages  and 
protecting  groups,  the  cleavage  of  which  is  based  on  the  "safety-catch”  principle 
[2,3,4].  Depending  on  the  structure  and  cleavage  conditions,  these  "protected 
protecting  systems"  may  be  applicable  to  Boc-/Fmoc-/Allyl-chemistries  since  such 
anchoring  and  protection  offer  the  benefit  of  enhanced  dimension  of  orthogonality 
during  the  synthesis.  Moreover,  the  advantage  that  side-chain  deprotection  may  be 
accomplished  prior  to  cleavage  from  the  support  makes  this  methodology  even  more 
attractive.  In  our  preliminary  communication  we  have  reported  on  the  "safety-catch" 
anchoring  linkage  (SCAL)  for  synthesis  of  peptide  amides  [5].  The  present  report 
summarizes  the  results  obtained  with  the  SCAL  anchoring  and  introduces  a  new 
"safety-catch"  2-methoxy-4,4'-bis(methylsu]finyl)benzhydryl  (Msbh)  (Figure  1)  and 
4,4'-bis(methylsulfinyl)trityl  (Strt)  protecting  groups  which  have  been  evaluated  as 
potential  side-chain  amide  and  SH  protecting  groups,  respectively  (Figure  2). 

Results  and  Discussion 

All  three  protecting  blocks  studied  incorporate  an  interconvertible 
sulfoxide/sulfide  system  attached  in  the  para  position  of  the  aromatic  ring.  In  the  first 


Fig.  1.  Structures  of  Msbh/Mtbh  protecting  groups  and  SCAL  linkage. 
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series  of  experiments  we  evaluated  the  stability/lability  properties  of  Msbh  and 
SCAL  protecting  groups  under  typical  conditions  for  peptide  synthesis.  It  was  found 
that  both  the  SCAL  anchoring  and  the  Msbh  group  are  stable  to  anhydrous  TFA 
(24h),  1M  thioanisole/TFA  (8h),  TFA/thioanisole/EDT/phenol/water-82 . 5:5:25:5:5 
(mixture  K,  8h),  anhydrous  HQ7  (0°C,  lh),  O.SM  Ac20/NEt3/  DCM  (lh),  and 
Pd(PPh3)4/AcOH/THF  (lh).  The  3.5M  HCl/dioxane,  3M  HBr/AcOH,  and  1M 
Me3SiBr/TFA,  on  the  other  hand,  were  found  to  cleave  the  benzhydrylamine  C-N 
bond  in  SCAL  skeleton  within  a  few  minutes  by  reductive  acidolysis  (one-step 
procedure).  Alternatively,  a  two-step  deprotection  procedure  using  1M 
Me3SiCl/PPh3/DCM  (2h),  1M  PhSeSiMej/DCM  (lh),  20%  (EtO)2p(S)SH/DMPU 
(2h),  1M  Me3SiCl/PBu3/DCM  (2h)  for  reduction  of  the  sulfoxide  moieties,  followed 
by  the  acidolytic  cleavage  with  TFA/DCM/Bu3SiH  (90:8:2,  lh)  offers  the  advantage 
of  prior  side-chain  deprotectioo  while  the  peptide  chain  remains  attached  to  the  carrier. 
A  model  peptide  H-Tyr-Arg-Gln-Gly-NH2  was  synthesized  on  TentaGel  (TG)  resin 
using  Fmoc-N*-protected  amino  acids.  The  required  N*-fluorenylmethyloxycarbonyl- 
N“-2-methoxy-4,4'-bis(methylsulfinyl)benzhydryl-L-glutamine  [Fmoc-Gln(Msbh)- 
OH]  was  prepared  in  three  steps  from  Fmoc-Glu-OtBu  and  2-methoxy-4,4'- 
bis(methylthio)benzhydrylamine.  Oxidation  of  sulfur  atoms  to  sulfoxides  with 
NaI04  followed  by  the  DCC/HOBt-mediated  coupling  afforded  fully  protected 
derivative  Fmoc-Gln(Msbh)-0IBu.  Subsequent  treatment  with  95%  TFA/H20  gave 
the  Fmoc-Gln(Msbh)-OH  in  37%  overall  yield.  The  sequence  of  reactions  for  the 
final  cleavage  of  peptide  from  the  support  provides  a  basis  for  evaluation  of  acid 
stability/lability  properties  of  both  SCAL  anchoring  and  Msbh  protecting  group. 
Firstly,  after  Fmoc  group  deprotection,  the  acid-labile  *Bu  and  Pmc  groups  were 
removed  from  Tyr  and  Arg,  respectively,  by  treatment  with  mixture  K  at  20°C  for 
2h.  Secondly,  the  remaining  Msbh  group  on  the  side  chain  of  glutamine  as  well  as 
the  SCAL  linker  were  reduced  with  1M  Me3SiCl/Pl,h3/DCM  at  20°C  for  2h  to  give 
the  corresponding  sulfide  forms.  Finally,  cleavage  of  the  peptide  from  the  resin 
using  a  mixture  of  TFA/DCM/iBu3SiH  (90:8:2)  afforded  the  pure  peptide  (95%  by 
RPHPLC)  in  84%  yield.  Further  utility  of  the  SCAL  anchoring  is  illustrated  in  the 
preparation  of  the  more  complex  peptide.  Human  Gastrin  I  (pGlu-Gly-Pro-Trp-Leu- 
(Glu)j-Ala-Tyr-Gly-Tip-Met-Asp-Phe-NH2).  The  synthesis  was  performed  manually 
on  TentaGel  (PEG-PS)  resin  (Nle  as  internal  standard)  using  Fmoc/'Bu  chemistry, 
DMF  as  a  solvent,  and  DIC/HOBt  for  carboxyl  activation.  After  completion  of  the 
synthesis,  samples  of  peptidyl  resin  were  treated  with  TFA/EDT/anisole  (80:10:10, 
lh)  to  remove  all  acid-labile  side-chain  protecting  groups.  Final  treatment  of 
peptidyl  resin  with  Me3SiBr/TFA/iBu3SiH/DCM  (12:78:5:3, 2h,  0°C)  afforded  crude 
material  which  after  purification  by  preparative  RPHPLC  furnished  the  title  peptide 
in  overall  isolated  yields  of  10-12%.  Purity  and  identity  of  product  were  assessed  by 
RPHPLC  (purified  sample  co-eluted  with  authentic  Gastrin  I),  AAA,  and  FABMS. 

The  success  of  the  synthesis  of  cysteine-containing  peptides  depends  mostly  on 
the  protection  chosen  for  the  reactive  thiol  groups.  Several  thiol-protecting  groups 
have  been  reported  during  the  last  decades,  most  of  which  are  used  in  synthesis  of 
simple  monocyclic  or  more  complex  polycyclic  peptides  [6],  In  the  context  of  the 
"safety -catch"  principle  touched  on  above,  a  new  "safety-catch"  trityl  protecting  group 
was  developed  and  evaluated  as  a  potential  S-protecting  group  (Figure  2).  The 
synthesis  of  key  intermediate,  4,4'-bis(methylsulfinyl)triphenylmethanol,  involved 
initial  treatment  of  4,4'-bis(methylthio)-benzophenone  with  1M  PhMgBr/THF 
followed  by  the  oxidation  of  sulfide  moieties  to  sulfoxides  with  NaI04  (overall  yield 
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91%).  As  a  model  system,  Na-fluorenylmethyloxycarbonyl-S-4,4'-bis(methyl- 
sulfinyl)trityl-L-cysteine  [Fmoc-Cys(Strt)-OH]  was  prepared  in  55%  overall  yield  by 
the  TFA-catalyzed  reaction  of  L-cysteine  with  the  derivative  of  trityl  alcohol 
followed  by  the  treatment  with  Fmoc-succinimide.  In  its  oxidized  form,  the  Strt 
group  was  found  to  be  stable  to  50%  TFA/DCM  (30min),  50%  piperidine/DMF, 
iodine,  Tl(Tfa)3,  and  fV-mercaptoethanol.  On  die  other  hand,  the  reduced  form  of  this 
group  can  be  easily  removed  by  treatment  with  the  mixture  of  1% 
CCl^COOH/DCM/ scavenger.  The  applicability  of  Strt  group  was  demonstrated  by 
the  synthesis  of  oxytocin  (Fmoc/'Bu  chemistry)  using  SCAL  anchoring  to  the 
TentaGel  resin.  After  removal  of  Strt  group  (reduction  with  1M 
Me3SiCl/PPh3/DCM  (2h)  followed  by  cleavage  with  CCl3COOH/EDT/thio- 
anisole/*Bu3SiH/DCM  (1:3:3:5:88)  for  lh),  the  disulfide  bridge  was  formed  on  the 
resin  under  pseudo-dilution  conditions  using  CCVNEts/NMP  (10  equiv,  5h,  35°C) 
[7].  Final  cleavage  of  the  cyclized  peptide  from  the  resin  with  TFA/DCMABu3SiH 
(90:8:2)  followed  by  the  preparative  RPHPLC  afforded  pure  oxytocin  in  25%  overall 
yield. 


Fig.  2.  Structure  of  Fmoc-Cys-(Strt)-OH. 
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Introduction 

The  preparation  of  protected  peptide  segments  is  central  to  the  peptide  synthesis 
by  the  segment  condensation  method  and  also  highly  desirable  fra-  peptide  post¬ 
synthesis  modification.  Fmoc  chemistry,  with  its  mild,  orthogonal  protection 
combination,  provides  a  useful  synthetic  method  for  preparing  protected  peptide 
segments.  Among  the  existing  cleavage  methods,  the  acidolytic  cleavage  with  dilute 
TFA  has  the  advantages  of  its  simplicity  in  use  and  the  high  purity  of  the  products. 
For  synthesis  of  protected  peptide  acids  employing  Fmoc  chemistry,  several  highly 
acid-labile  resin  linkages  have  been  developed  and  their  application  has  been  well 
established  [1].  For  the  synthesis  of  peptide  amides,  although  several  resin  linkages 
based  on  multiple  alkoxyl  substituted  benzyl  amine  or  benzhydryl  amine  have  been 
developed  [1,  2],  the  concentration  of  TFA  required  in  final  cleavage,  removing  die 
side  chain  protecting  groups  simultaneously,  makes  them  unsuitable  for  preparation 
of  protected  peptide  amides  [1,  3].  Here  we  describe  the  development  of  a  novel 
trityl-based  amide  resin  linkage.  Peptide  amides  were  cleaved  from  this  resin  with 
dilute  TFA  and  side  chain  protected  peptide  amide  was  obtained  after  cleavage. 

Results  and  Discussion 

The  4-benzyloxy-4',4"-dimethoxytrityl  amine  resin  (BDMTA-resin,  Structure 
VI)  was  prepared  starting  from  Merrifield  resin  (I)  in  four  steps  (Scheme  1):  i) 
methyl-4- benzyloxy  benzoate  resin  (II)  was  prepared  from  the  chloromethyl  resin  (I), 
ii)  then  it  was  converted  to  trisalkoxytrityl  alcohol  resin  (IV)  via  the  subsequent 
Grignard  reaction,  iii)  the  alcohol  resin  was  then  transformed  to  chloride  resin  (V) 
with  acetyl  chloride,  iv)  finally  the  amine  resin  (VI)  was  obtained  after  the  reaction 
of  the  resultant  chloride  resin  with  ammonia.  Fmoc  amino  acids  were  attached  onto 
the  amine  resin  (VI)  with  DCC.  The  cleavage  condition  was  investigated  by  reacting 
the  Fmoc-Ala-(VI)  resin  with  dilute  TFA.  80.09b  and  88.0%  of  Fmoc-Ala-NBj  were 
released  in  1  and  2  h  respectively  if  1%  TFA  was  used  for  cleavage,  while  89.5%  and 
91 .2%  woe  released  if  treated  with  3%  TFA.  Several  peptide  amides  including  TRH 
(pGlu-His-Pro-NHj),  a  partial  sequence  of  substance  P  (pGlu-Pbe-Phe-Gly-Leu-Met- 
NH2  *  SP6-11)  and  Leucopyroitinin  (Phe-Thr-Pro-Arg-Leu-NH2  =  LPK4-8)  were 
synthesized  using  this  linkage  under  dilute  TFA  cleavage.  The  cleavage  of  TRH  was 
performed  with  3%  TFA  to  remove  His‘m-trityl  simultaneously,  1%  TFA  was  used 
for  other  cleavages.  In  the  case  of  LPK4-8  the  peptide  was  obtained  in  the  protected 
form.  All  peptide  amides  were  obtained  in  high  purity  (>90%  according  to  HPLC) 
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and  satisfactory  yields  (>S0%  based  on  resin  loading).  The  products  arc  confirmed  by 
analytical  methods  such  as  FAB-MS,  amino  acid  analysis  and  cochromatography 
with  authentic  samples. 
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Scheme  1.  Synthesis  of  the  4-benzyloxy-4',4"-dimethoxytrityl  amine  resin  (VI) 

The  use  of  highly  acid-labile  4-benzyIoxy-4’,4"-dimethoxytrityl  amine  resin 
linkage  provides  a  new  approach  to  prepare  peptide  amides  with  Fmoc  strategy  under 
dilute  TTA  cleavage.  This  is  particularly  useful  if  peptide  amides  are  sensitive  to 
acid  or  side  chain  protected  peptide  amides  are  needed  for  post-synthesis  modification. 
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Introduction 

In  order  to  develop  a  new  method  for  synthesizing  small  protected  peptides,  a 
new  acid  labile  linker  has  been  designed  [1,  2].  The  prepared  resin  is  composed  of 
aminomethyl  polystyrene  and  a  trityl  function;  both  are  connected  by  an  alkylspacer 
(Figure  1).  Trityl  was  chosen  for  its  suitability  in  the  temporary  protection  of 
nitrogen  (in  hydrazides,  amines  and  amides)  and  sulfur  (in  thiols).  Immunogenic 
determinants  which  are  to  be  coupled  onto  carriers  by  means  of  a  C-terminally  located 
amino  or  thiol  function,  have  been  synthesized  using  the  new  resin  as  protected 
peptide  hydrazides  and  (ci»-aminoalkyl)amides  [2].  Another  application  is  the  synthe¬ 
sis  of  protected  peptide  disulfides,  involving  iodine-controlled  cleavage  from  the  resin 
and  concomitant  regiospecific  forming  of  the  disulfide  bridge. 

-CTrt)- 


Fig.  1.  Trityl  resin. 

Results  and  Discussion 

An  application  of  the  new  resin  has  been  found  in  the  synthesis  of  the  fol¬ 
lowing  peptide:  DNP-Pro-Gln-Gly-Ile-Ala-Gly-Lys(Cum)-Arg-Dah-Acr.  It  is 
composed  of  DOT-Pro-GlnCTrO-Gly-De-Ala-GIy-NjHj  and  H-Lys(Cum)-Arg-Dah- 
Acr,  these  are  built  up  stepwise  starting  from  Fmoc-Gly-N2H2-(Trt)-0-Resin  and 
Fmoc-Dah-(Trt)-0-Resin  (DNP  ■  dinitrophenyl;  Cum  =  7-methoxycoumarin-4- acetic 
acid;  Acr  *  acryloyl  chloride).  The  solid  phase  synthesis  was  performed  as  follows: 
initial  deprotection  with  20%  piperidine  in  DMF,  introduction  of  Fmoc  amino  acids 
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using  DIPCDI  and  HOBt.  The  eventual  cleavage  of  the  peptides  from  the  resin  can 
be  accomplished  by  1  to  3  treatments  with  0.5%  TFA  in  CH^Clj  in  the  presence  of 
4%  MeOH  or  H20.  A  second  application  has  been  found  in  the  synthesis  of  cyclic 
peptide  disulfides.  The  general  way  for  the  synthesis  of  peptide  disulfides  is  the 
following:  Fmoc-cysteamine  is  immobilized  by  its  thiol  function.  The  peptide  is 
synthesized  stepwise.  For  cyclic  disulfides,  a  Cys(Acm)  residue  should  be  introduced 
later  in  the  chain.  Detachment  will  be  performed  in  one  operation  by  oxidative 
cyclizadon  with  iodine  in  DMF  only  and  yields  the  fully  protected  cyclic  peptide 
disulfide  in  accordance  with  the  observations  of  Kamber  [3].  The  use  of  DMF  as  the 
solvent  ensures  die  full  profit  of  the  pseudo  dilution:  nearly  pure  cyclic  disulfides 
were  obtained  in  one  operation.  An  example  of  the  synthesis  of  a  real  cystine-peptide 
is  the  synthesis  of  oxytocin.  Fmoc-Cys-  OH  was  immobilized  by  its  thiol  function, 
H-Pro-Leu-Gly-NHj  was  attached  C-terminally  using  TBTU.  The  peptide  was  further 
built  up  normally.  Detachment  and  cyclization  took  place  with  iodine  in  DMF. 
Detachment  with  CHCl3/MeOH  1:1  gave,  besides  the  cyclized  product  also 
substantial  amounts  of  the  linear  dimer  [2].  Another  application  could  be  the 
synthesis  of  peptide  amides.  Attempts  to  attach  amides  to  the  linker  in  the  way 
Sieber  prepared  Fmoc-Gln(Trt)-OH  [4a]  failed.  Some  other  promising  model  experi¬ 
ments  were  performed.  They  imply  the  reactivity  of  the  nitrile  function.  Starting 
from  trityl  formate  and  acetonitrile  in  acidic  medium  or  from  trityl  chloride  and  silver 
nitrate  in  acetonitrile  N-tritylacetamide  was  obtained  [4b,c].  Aminonitriles  arising 
from  Strecker  syntheses  would  thus  be  converted  to  immobilized  amino  acid  amides. 
The  diphenyl-4-pyridyl  methyl  group  [4d]  was  also  introduced  in  Z-Gly  NH2  and 
Fmoc-Gln-OH. 

Using  the  new  linkers  protected  peptide  hydrazides  are  obtained  for  fragment 
condensation  in  solution.  Subsequent  deprotection  can  then  be  performed  in  dilute 
solution  preventing  unwanted  alkylations  (Tyr).  Peptide-(co-aminoalkyl)amides  or 
(cvsulfhydryl)amines  can  be  prepared  as  epitopes  for  C-terminal  immobilization. 
Oxidation  including  cyclization  of  immobilized  cysteine  derivatives  gives 
surprisingly  pure  cyclic  disulfides.  Finally  the  resin  can  be  recycled. 
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Introduction 

Membrane- based  peptide  synthesis  and  affinity  adsorption  chromatography  have 
attracted  increased  attention  because  of  the  characteristic  high  convective  flow  rate  of 
membranes  [1].  We  were  interested  in  developing  a  new  type  of  membrane  support 
for  peptide  synthesis  and  for  peptide  or  peptide  analogue-based  immuno-affinity 
chromatography.  Mild  peptide  cleavage  methods  which  we  have  developed  including 
phase  transfer  catalysis  [2]  (PTC)  and  ammonium  formate-catalytic  transfer 
hydrogenation  [3]  (AF-CTH),  have  been  applied  for  the  cleavage  of  peptides  from  the 
membrane. 

Results  and  Discussion 

We  have  established  that  ethylene-vinyl  alcohol  copolymer  (EVAL)  can  be  used 
in  a  flat  membrane  form  for  Fmoc-based  solid  phase  peptide  synthesis  (Fmoc-SPPS) 
when  it  is  appropriately  modified.  The  modification  procedures  are  shown  below: 

EVAL  membrane  +  EGDGE 
•  Zn(BF4)2 
|  80*C;  2  h 

O  OH 

/\  I 

CH2 — CH — CH2 — O — CH2CH2 — O — CH2 — CH — CH2 — O — EVAL 

I  50%  NH4OH 
T  overnight 

r 

NHjCHj— ^H— CH2— O—  CHjCHj— O— CH2— CH— CH2— O — EVAL 
OH 

EVAL:  — ( — CH2 — CHj)m — ( — CH2 — CH(OH) — )n—  (m/h  -  1/3) 

EGDGE:  ethylene  glycol  diglycidyl  ether 

The  modifications  applied  to  EVAL  have  several  purposes:  1)  a  new  amine 
functionality  is  introduced;  2)  many  of  the  reactive  hydroxyls  are  replaced;  and 
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3)  cross-linking  induced  by  the  bifunctional  EGDGE  significantly  increases  structural 
stability  while  retaining  the  microporous  membrane  characteristics.  The  stability  of 
modified  EVAL  membrane  toward  various  solvents  has  been  determined.  The 
modified  EVAL  membrane  proved  stable  to  most  organic  solvents  used  in  Fmoc- 
SPPS,  such  as  DMF,  and  piperidine,  but  was  very  labile  to  trifluoroacetic  acid 
(TFA).  The  free  amine  content  of  the  membrane  war  determined  to  be  0.1  mmol/g 
by  ninhydrin  assay.  This  membrane  can  be  directly  used  for  Fmoc-SPPS  or  further 
reacted  with  various  linkers,  such  as  4-hydroxymethylphenoxyacetic  acid  to  be  ready 
for  Fmoc-SPPS. 

The  first  amino  acid  was  attached  directly  to  the  EVAL  membrane  by  BOP 
coupling  reagent  (in  the  case  of  affinity  purification)  or  by  symmetrical  Fmoc  amino 
acid  anhydride  in  the  presence  of  DMAP  catalyst  coupled  to  the  phenoxy-acetic  acid 
handle  (when  it  is  necessary  to  cleave  the  final  peptide  from  the  membrane  either  for 
synthesis  or  for  analytical  purposes).  The  peptide  derived  from  I  (Table  1)  was 
cleaved  from  the  EVAL  by  AF-CTH,  and  peptide-EVAL  II  was  cleaved  by  PTC.  The 
peptides  were  checked  by  analytical  HPLC  and  FABMS.  The  results  are  summarized 
in  Table  1.  Yields  of  both  peptides  could  not  be  quantitatively  determined  but  were 
judged  in  the  acceptable  range. 

Tablet 


Peptide  supports 

Amino  acid 
analysis 

Retention  FABMS 
time*  (min) 

I.  H-AVGFG-linker-EVAL 

Ala 

1.00,  Val 

1.08 

13.60 

calc:  449 

Gly 

1.97,  Phe 

0.95 

found:  450 

O.  H-[><CJAFVGL-linker-EVAL 

Ala 

1.00,  VM 

1.01 

16.45 

calc:  505 

Gly 

1.00,  Phe 

1.04 

found:  506 

Leu 

i.10 

m.  H-ArgfMtrj-Gly-AspfBu'HVAL 

Arg 

0.91,  Gly 

1.00 

Asp 

0.98 

IV.  a-endorphin  fragment 

Ser 

1.10,  Glx 

0.91 

H-SerfBu'EGln-ThrfB  u1)- 

Thr 

1.87,  Tro 

0.96 

Pro-Leu -Val-ThrfBu1)- EVAL 

Leu 

1.14,  Val 

1.00 

•HPLC  conditions:  Vydac  Clg4. 6x250  mm.  B  from  5-90%  in  25  min,  230  nm.  Buffer  A: 
0. 1  %  TF A/water,  Buffer  B:  0. 1  %  TFA/CHjCN 


In  order  to  compare  various  cleavage  procedures,  the  pentapeptidc,  H-[14C]Ala- 
Phe-Val-Gly-Leu-OH,  which  incorporates  a  radioactive  [,4C]  Ala,  was  synthesized  on 
four  different  solid  supports:  Merrifield  resin,  PAM  resin,  PEG-PS  and  EVAL 
membrane.  The  success  of  peptide  synthesis  was  confirmed  by  amino  acid  analysis. 
These  four  peptide-supports  were  individually  subjected  to  PTC  and  AF-CTH 
cleavage  and  the  cleavage  process  was  monitored  by  removal  of  aliquots  and 
assessment  of  relative  radioactive  counts  (1900TR -Scintillation  counter).  The  results 
are  summarized  in  Figure  1. 
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Fig.  1.  Kinetic  studies  of  peptide  cleavage  from  various  solid  supports  by  using 
(a)  PTC  and  (b)  AF-CTH.  Peptide  sequence  is  H-['4C]Ala-Phe-Val-Gly-Leu-OH. 

Figure  1(a)  shows  that  in  the  case  of  the  EVAL  membrane,  the  FTC  cleavage 
method  was  comparable  in  its  efficiency  with  the  polyethyleneglycol/polystyrene 
(PEG-PS)  support.  The  PAM  and  Mem  fie  Id  resins  gave  somewhat  less  cleavage  per 
unit  time  using  FTC.  Initial  rates  for  all  procedures  were  similar.  In  terms  of  the 
AF-CTH  cleavage  procedure,  the  results  shown  in  Figure  1(b)  were  more  surprising. 
The  AF-CTH  hydrogenation  method  is  known  to  be  affected  by  hydrophobic  peptide 
sequences  (such  as  those  used  here).  Thus  the  poor  results  with  three  of  the  four 
supports  might  be  expected.  But  at  this  time,  we  have  no  explanation  as  to  why  the 
standard  Merri field  support  gave  relatively  acceptable  cleavage  results. 

The  major  drawback  of  the  EVAL  membrane  is  its  lability  toward  TFA 
treatment.  Furthermore,  deprotection  of  acid-labile  side  chain  protecting  groups  is 
still  a  requirement  for  use  of  the  EVAL  membrane  in  peptide  or  peptide  analogue 
based  affinity  chromatography.  A  recent  successful  trial  synthesis  of  a  dipeptide, 
H-Gl y-Leu-EV AL  (AAA:  Gly,  1.00;  Leu,  0.95),  by  sing  BFj/EtjO  as  the  Boc- 
protecting  group  cleavage  reagent,  provides  a  more  optimistic  analysis  regarding  die 
compatibility  of  EVAL  membranes  for  both  Fmoc-SPPS  and  Boc-SPPS 
methodologies. 
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Introduction 


A  restriction  of  solid-phase  peptide  synthesis  is  still  the  sequence-dependent 
difficulties  during  assembly.  Therefore,  the  combination  of  solution-phase  and  solid- 
phase  peptide  synthesis  appears  to  be  an  attractive  approach  towards  the  goal  of 
avoiding  such  difficulties.  This  requires  a  strategy  for  obtaining  protected  peptides  by 
SPPS  after  cleavage  from  the  polymer.  We  investigated  available  linkers  and  report 
upon  a  new  strategy  for  the  rapid  preparation  of  side  chain  protected  fragments  via 
trityl-linker  using  polystyrene-polyethyleneglycol  graft  copolymers  in  conjunction 
with  the  continuous  flow  technique. 

Results  and  Discussion 


During  synthesis  of  HTV-1  protease  with  Fmoc-strategy  difficulties  are 
experienced  in  the  coupling  and  deprotection  steps  12-1 8  and  28-38  of  the  sequence, 
as  is  revealed  by  kinetic  investigations  [1].  Despite  improvement  in  the  synthesis  of 
this  sequence  by  the  use  of  a  “magic  mixture”  containing  nonionic  detergents  as  an 
additive  to  the  solvents,  the  final  product  is  still  contaminated  with  failure  sequences, 
rendering  isolation  by  RP-HPLC  difficult  We  have  therefore  attempted  to  prepare 
protected  fragments  corresponding  to  HIV-1  protease  by  the  continuous  flow 
technique  and  combine  them  using  solution  or  convergent  solid-phase  method. 
HTV-1  protease  was  divided  into  11  fragments  with  6-12  residues,  five  of  which 
contain  Gly,  three  contain  Pro  and  two  contain  Leu  at  the  C-terminus.  The 
fragments  as  well  as  the  protecting  groups  are  shown  in  Figure  1. 


PCXPmc)TT(tBu)LWQ(Trt)R(Proc)P  K  LVT(tBu)IR(Pmc)iC  K  G<XTh)LlC(BocJE(OtBu)AUL- 
1-9  10-16  17-27 

DfOtBu^tBuJG  lCAD(OtBu)D(OtBu)Tl[tBu)VL  KE(OrBu)E(CXBu)MN(Tit)LPG  KK(Boc)W 

28-33  34-40 

K(Boc)PK(Boc)MIGGlG  KGRK(Bc«)VR(PnK)CXTmob)Y(lBu)D(C)<Bu)Q(Tnjob)IP  KV 


E(OtBu)iCCnt)OH(Trt)IC(Boc)AlG  KT(tBu)VLVGPTXtBu)P  KVN(Trt)IIGR(Ptnc)N(T>t)L»C 
64-73  74-81  82-89 

L3TtBuXXTmob)IOO(Th)T(tBu)LN(Tmob)F 

90-99 


Fig.  1.  HtV-l  protease  sequence  and  its  fragments  to  be  prepared. 
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Several  strategies  for  solid-phase  synthesis  of  protected  fragments  have  been 
employed,  including  peptide  resin  linkers  which  are  labile  to  dilute  acid  and  to  light. 
The  1%  TFA  or  acetic  acid  labile  linkers  (known  as  Riniker-  and  Rink-linkers)  seem 
to  be  useful  for  the  preparation  of  protected  fragments  bearing  Fmoc  as  N-terminal 
protection  [2,  3],  The  Riniker-linker  was  first  checked  for  our  purpose.  4-(4’- 
hydroxymethyl-3-methoxyphenoxy)- butyric  acid  was  coupled  to  amino-functionalized 
PS-PEG  (amino-PEG-PS)  and  applied  to  synthesize  the  most  sensitive  fragment  64- 
73  since  it  contains  Boc  and  Trt  protecting  groups  for  Lys  and  His  respectively.  We 
found  that  Boc  and  especially  Trt  protecting  groups  do  not  survive  undo*  the  cleavage 
conditions  with  1%  TFA  in  DCM  even  for  a  very  short  time.  We  decided  then  to  use 
the  Rink  approach  because  Fmoc-His(Trt)  is  stable  to  50%  acetic  acid  in  DCM  up  to 
4  hours  or  more  according  to  HPLC  assays.  The  cesium  salt  of  2,4-dimethoxy-4’- 
hydroxybenzophenone  was  added  to  brominated  PS-PEG  in  DMF  and  shaken  for  18 
hours  at  50BC.  The  reduction  of  ketone  resin  was  carried  out  similarly  to  that 
described  by  Rink  [3].  With  this  new  resin,  the  purity  of  the  fragment  64-73  after 
cleavage  from  the  resin  could  be  dramatically  improved.  Unfortunately,  the  yield  on 
a  one  gram  resin  scale  synthesis  was  too  low  because  of  the  significant  loss  of  the 
hydroxyfunction  during  the  ketone  reduction. 

Barlos  et  al.  introduced  the  2-chlorotrityl  chloride  resin  for  synthesis  of 
protected  peptide  fragments  [4],  In  this  case,  protected  fragments  can  be  cleaved  from 
the  resin  by  dilute  acetic  acid.  However,  its  application  is  restricted  to  polystyrene 
(1%  DVB)  as  polymer  support  used  only  for  batchwise  synthesis.  This  limitation 
led  us  to  search  for  a  new  trityl-linker  which  may  be  employed  in  CFSPPS  on  PS- 
PEG  resin.  p-Carboxy-trityl-alcohol  is  readily  obtained  and  therefore  chosen  for  this 
purpose.  We  found  that  electron  withdrawing  substituents  in  the  para  position  ensure 
the  stability  of  the  ester  bond  between  the  trityl  group  and  the  carboxyl  group  of  the 
C-terminal  amino  acid  during  synthesis.  In  order  to  test  the  usefulness  of  the 
designed  linker,  p-carboxytritylalcohol  was  easily  coupled  to  amino-PEG-PS  via 
DICI/HOBt  activation  and  the  hydroxyl  substituted  polymer  converted  into  its 
chlorosubstituted  analog  with  acetyl  chloride  in  DCM.  The  first  amino  acid  was 
incorporated  onto  the  resin  using  the  method  recommended  by  Barlos  et  al.  [4].  With 
this  new  system,  the  fragment  64-73  was  first  synthesized  in  80%  yield  based  on 
Gly-resin.  Comparison  of  analytical  HPLC  of  both  crude  products  obtained  from  the 
Riniker-linker  and  new  trityl-linker  shows  that  the  purity  of  the  protected  fragment 
can  thus  be  significantly  improved.  The  undesired  side  reactions  during  cleavage  of 
the  fragment  were  not  observed  according  to  LC-MS  investigation.  Boc-  and  Trt- 
protections  for  Lys  and  His  remained  unchanged.  In  order  to  further  explore  the 
efficacy  of  this  new  method,  fragment  41-51  was  assembled  on  three  resins 
derivatised  with  Riniker-,  Rink-  and  trityl-linkers.  After  cleavage  from  the  resins, 
protected  fragments  from  different  syntheses  were  directly  analysed  by  the  HPLC- 
ISMS  technique.  In  contrast  to  the  product  obtained  from  the  Riniker-linker,  Rink- 
and  trityl-linkers  provided  the  expected  fragment  in  sufficient  purity  according  to 
analytical  HPLC. 

The  established  approach  proved  suitable  for  synthesis  of  protected  fragments. 
The  1 1  fragments  illustrated  in  Figure  1  were  successfully  synthesized  on  a  MilliGen 
9050  peptide  synthesizer  with  TBTU  activation  using  this  new  method.  All 
protected  fragments  were  well  characterized  by  analytical  HPLC,  ion  spray  MS  (IS¬ 
MS)  or  LC-MS  with  the  exception  of  fragment  10-16.  HPLC  analysis  of  this 
fragment  performed  on  RP  columns  showed  a  broad  peak  probably  due  to 
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aggregation.  However,  sufficient  purity  was  shows  by  TLC  and  IS-MS.  Results 
obtained  from  the  syntheses  along  with  the  solubilities  of  individual  protected 
sequences  ate  compiled  in  Table  1. 


Table  1  Results  of  analytical  data  and  syntheses  of  the  fragments 


Fragment 

MS(calc.) 

HPLC(%) 

YiekK%) 

Synthesis  Duration 

Solubility 

1-9 

2042 

98 

78 

4  h  37  min 

DCM 

10-16 

1317 

90(TLC) 

76 

3  h  30  min 

DMF.CHOj 

17-27 

1878 

97 

75 

4  h  43  min 

DCM/DMF 

28-33 

1024 

98 

90 

2  h  18  min 

DCM 

34-40 

1366 

98 

91 

2  h  53  min 

DCM/DMF 

41-51 

1737 

96 

82 

5  h  32  min 

DCM 

52-63 

2525 

91 

72 

6  h  54  min 

DCM 

64-73 

1889 

92 

80 

4  h  40  min 

DCM 

74-81 

1117 

95 

77 

3  h  50  min 

DCM 

82-89 

1871 

97 

82 

5  h  03  min 

DCM/DMF 

90-99 

2046 

95 

75 

5  h  07  min 

DCM 

It  is  worth  mentioning  that  a  fragment  to  be  prepared  must  have  sufficient 
solubility  in  common  solvents  used  for  the  fragment  condensation.  At  the  beginning 
we  selected  the  sequences  87-94  as  the  first  fragment  because  it  contains  Gly  as  C- 
terminus.  Surprisingly,  synthesis  difficulties  occurred  at  the  same  position  as 
observed  during  assembly  of  Che  total  sequence  and  could  not  be  overcome  by  simply 
reducing  the  C-terminus  by  5  residues.  The  aggregation  seems  to  be  sequence- 
dependent.  In  fact,  the  fragment  82-94  is  sparingly  soluble  in  DMF  and  insoluble  in 
DCM.  The  same  is  true  for  the  fragment  28-40.  During  the  preview  synthesis  of 
HIV-1  protease,  synthesis  difficulties  were  also  encountered  in  this  region.  This  part 
of  the  sequence  had  to  be  divided  into  two  pieces,  28-33  and  34-40.  The  fragments 
given  in  Table  1  are  optimized  regarding  to  their  solubilities.  Most  of  them  are 
readily  soluble  in  DCM,  some  of  them  in  DCM/DMF.  The  heptapeptide  fragment 
10-16  could  not  be  dissolved  in  DCM,  but  in  CHC13  and  DMF.  This  peptide  was 
difficult  to  synthesize  owing  to  the  extremely  hydrophobic  nature  of  the  sequence, 
LVTIRI.  For  almost  every  step  a  double  coupling  is  required.  It  is  evident  that 
sequence-dependent  synthesis  difficulties  are  correlated  with  the  solubility  of  the 
corresponding  fragment.  Therefore,  a  preview  synthesis  of  a  total  sequence  with 
continuous  monitoring  can  be  helpful  for  predicting  the  optimum  fragments. 
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Introduction 

N-terminal  cysteine  containing  peptides  are  commonly  used  by  researchers  in 
various  disciplines,  especially  in  immunological  studies.  The  cysteine  thiol  moiety 
is  required  for  the  conjugation  of  the  peptide  to  a  carrier  proteins  amino  group 
through  the  use  of  cross-linkers  [1].  Peptides  synthesized  with  amino  terminal 
cysteine  residues  have  been  observed  to  have  an  unusually  high  level  of  dimerization, 
even  in  acidic  media.  It  is  proposed  that  the  N-terminal  free  amine  lowers  the 
activation  energy  of  the  thiol  moiety  towards  oxidation,  resulting  in  increased 
dimerization.  This  lowers  monomer  yields  and  decreases  the  amount  of  peptide  that 
can  be  cross-linked  to  the  carrier  protein.  A  representative  example  of  this 
phenomenon  is  presented  here  using  the  test  sequence,  CLSVKAMG-amide. 

Results  and  Discussion 

Analysis  of  the  N-terminal  cysteine  analog  by  RP-HPLC  demonstrates  that  the 
dominant  form  of  the  peptide  is  the  dimer  (Figure  1-left).  The  mass  spectral  analysis 
(Figure  1 -right)  confirms  the  existence  of  dimer.  Similar  RP-HPLC  analysis  of  the 
acetylated  analog  (Figure  2-left)  shows  a  significant  reduction  in  the  amount  of  dimer 
formation.  The  mass  spectral  analysis  (Figure  2-right)  confirms  that  small  amounts 
of  dimer  still  exist 

These  results  suggest  that  N-terminal  capping  prevents  a  significant  amount  of 
dimerization  resulting  in  higher  peptide  yields.  It  is  hypothesized  that  when  the  N- 
terminal  amino  group  is  capped  in  the  acetylated  peptide,  it  cannot  interact  with  the 
thiol  group  on  the  cysteine,  therefore  little  dimerization  can  occur.  These  results 
suggest  that  unless  the  peptide  must  mimic  the  N-terminus  of  a  protein,  an 
acetylated-amino  terminus  may  be  desirable  [2].  We  conclude  that  when  a  N-terminal 
cysteine  peptide  is  synthesized  for  the  purpose  of  conjugating  a  carrier  protein  to  the 
thiol  moiety,  capping  the  N-terminal  by  acetylation  may  prove  to  be  a  useful  tool. 
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Introduction 

The  potent  biological  activity  of  fluorinated  peptides  has  stimulated  great 
interest  in  the  development  of  asymmetric  synthetic  routes  towards  fluorinated  amino 
acid  derivatives  [1]. 

Since  fluorine  is  isosteric  with  hydrogen  it  may  be  introduced  into  molecules 
such  as  peptides  without  causing  extensive  conformational  change.  Its  introduction 
into  tjnino  acid  substrates  can  confer  several  new  properties  upon  diem  such  as:  (i) 
causing  them  to  act  as  suicide  substrates,  (ii)  introducing  additional  centres  of 
hydrogen  bonding,  (iii)  altering  the  hydogen  bonding  ability  of  adjacent  amide  groups 
and  (iv)  altering  the  stability  of  surrounding  peptide  bonds  towards  hydrolysis. 

Free  a-fluoroamino  acids  readily  decompose  with  concommitant  loss  of  fluoride 
(Figure  1):  because  of  this  intrinsic  instability  work  involving  a-fluorinated  amino 
acids  has  been  severely  limited  to  date. 


Fig.  1.  Decomposition  of  a-fluorinated  amino  acids. 


COjH 


We  have  sought  to  overcome  the  inherent  instability  of  a-fluoroamino  residues 
by  the  development  of  new  synthetic  methodology. 

The  standard  peptide  disconnection  cannot  be  applied  to  the  synthesis  of  target 
peptides  containin  die  o-fluoroglycyl  residue  (Figure  3).  However,  we  envisaged  that 
a  nitrogen  atom  could  be  introduced  by  the  nucleophilic  displacement  of  a  suitable 
leaving  group  from  the  fluorine  bearing  carbon. 

The  initial  fluorine  containing  precursors  were  chosen  to  allow  both  amino  and 
carboxy  terminal  extension.  Literature  precedent  suggested  dun  compounds  such  as 
(1)  and  (2)  should  be  amenable  to  nucleophilic  substitution,  and  that  extension  of  the 
carboxy  terminous  via  die  corresponding  acid  chloride  shook!  be  possible  (Figure  2). 
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Fig.  2.  General  strategy  for  the  synthesis  of 
a-fluorinated  amino  acids  and  peptides. 


P.D.  Bailey  el  aL 


Synthetic  Methods 


^ 

OF  O  F 

p"B x'^Yn-1 

R  O  R  O 

Fig.  3.  Proposed  disconnections  of  a-ftuorinated  ammo  acids. 

Results  and  Discussion 

Starting  materials  (1)  and  (2a,b)  were  prepared  using  established  literature 
methodology  [2].  In  the  case  of  the  latter,  no  asymmetric  induction  was  observed, 
but  the  diastereoisomers  were  separable  by  flash  chromatography .  A  range  of  nitrogen 
nucleophiles  failed  to  displace  chloride  from  these  compounds.  Consequently,  the 
analogous  fluoKModoethanamides  (3)  and  (4a,b)  were  prepend  (Figure  2).  These 
compounds  underwent  the  desired  reaction  with  nitrogen  nucleophiles  to  yield  a- 
fluoroglycine  derivatives. 

Crucially,  reaction  of  (3),  (4a)  and  (4b)  with  trimethylamine  followed  by  acidic 
hydrolysis  yielded  the  first  'free*  a-fluorinated  amino  acid,  a-fluorobetaine  (7).  Work 
is  currently  underway  to  incorporate  this  residue  into  peptides  using  standard  coupling 
techniques. 

Evidence  has  been  obtained  which  suggests  that  it  is  possible  to  react  (3),  (4a) 
and  (4b)  with  protected  amino  acids  e.g.  piperazine  triones  (Figure  4)  to  give 
protected  Phe-Gly(F)  dipeptides.  We  are  attempting  to  find  conditions  under  which 
such  products  may  be  isolated. 


RN  NH  R  ■  H,  PbCH2 


Fig.  4.  Protected  amino  acid  nitrogen  nucleophile:  piperazine  trione. 
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Introduction 

Substituted  piperidine  ring  systems  are  ubiquitous  in  nature,  and  short  stereo- 
controlled  routes  to  functionalised  piperidines  are  of  great  synthetic  value.  We 
recently  developed  an  asymmetric  aza-Dids-  Alder  reaction  that  does  indeed  give  direct 
access  to  optically  active  piperidine  derivatives  [1]  -  see  Figure  1  and  Table. 


Fig.  I.  C  ,ierui  strategy. 

This  procedure  is  especially  valuable  as  it  allows  the  rapid  synthesis  of 
pipecolic  acid  derivatives  that  can  be  incorporated  into  biologically  active  peptides 
such  as  the  MQPA  thrombin  inhibitors  [2].  In  this  paper,  we  describe  how  we  are 
utilising  the  asymmetric  aza-Diels-Alder  reaction  towards  a  synthesis  of  carpamic 
acid. 


Results  and  Discussion 

Carpamic  acid,  the  monomer  of  carpaine  has  generated  much  synthetic  interest 
due  to  the  pharmacological  properties  of  the  patent  molecule  which  exhibits  a  range 
of  anti-hypertensive  and  anti-bacterial  effects.  Our  basic  synthetic  route  is  outlined  in 
Figure  2.  In  order  to  simplify  the  early  synthetic  steps,  we  have  used  the  achiral 
benzyl  auxiliary  on  nitrogen  for  the  aza-Diels-Alder  reaction.  The  chiral  (R)-a- 
methylbenzyl  auxiliary  will  be  used  in  later  studies,  in  order  to  generate  optically 
active  piperidines.  The  initial  aza-Diels-Alder  reaction  displays  remarkable  regio-  and 
diastereo-control,  exclusively  generating  the  cii-2,6-disubstituted  adduct 
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Tdbk.  Somt  examples  of nza-Ditls-AJder  reactions  of  the  type  outlined  in  Fig.  1. 
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This  compound  is  apparently  ideally  functionalised  for  the  subsequent 
transformations,  requiring  only  regio-  and  stereo-specific  hydration  of  the  double 
bond,  and  ample  extension  of  the  carboxylic  ester  moiety. 


i.  BH] 

u.H20>(Xr 

iii.  COClj, 
DMSO 


i  PhCHjBr.  NaH 
ii.  DBBAL 


Yx 


H 


(CHjItCOjH 


L  PbjPtCHjlgCOjBn 
ii.  Pd(OHVC,  H2 


Carpamic  Acid 


!T*CHO 

k_ 


Fig.  2.  Synthetic  route  to  corpamic  acid 


Regioselective  hydration  of  the  double  bond  was  studied  using  a  wide  range  of 
reagents,  but  simple  hydroboration  led  to  the  best  control,  giving  a  3:1  preference  for 
the  desired  3-isomer,  but  without  significant  diastereoselectivity.  Earlier  work  by  us 
[3]  had  indicated  that  oxidation  to  the  ketone,  followed  by  reduction  with  sodium 
borohydride,  would  lead  to  the  desired  all-eis  stereoisomer.  This  procedure  has  indeed 
afforded  some  of  the  desired  material.  Interestingly,  some  epimerisation  was  observed 
in  the  early  stages  of  this  route. 

In  this  paper,  we  demonstrate  that  the  aza-Diels-Alder  reaction  can  be  exploited 
in  the  synthesis  of  complex  substituted  piperidines,  thus  affording  access  to  a  range 
of  advanced  intermediates  towards  pharmacologically  active  molecules. 
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Introduction 

Non-proteinaceous  a-amino  acids  are  of  considerable  interest  as  they  often 
possess  biological  activity,  both  as  individual  compounds,  or  when  incorporated  in 
peptides.  They  are  also  useful  for  structure-activity  relationship  studies  and  as 
intermediates  in  the  synthesis  of  other  structures  [1].  Many  synthetic  routes  to  these 
challenging  targets  have  been  devised,  but  they  often  require  harsh  hydrolysis  or 
oxidation  steps  which  limit  the  types  of  derivatives  that  can  be  prepared  [2].  We 
have  developed  a  novel  synthetic  route  based  on  elaboration  of  the  side  chain  of  a 
protected  serine  aldehyde  or  threonine  ketone  derivative.  This  strategy  has  not  been 
successfully  employed  in  the  past  due  to  the  tendency  of  these  amino  acids  to 
racemize  or  undergo  elimination  when  oxidation  is  attempted.  However,  we  have 
discovered  that  by  masking  the  carboxyl  group  as  a  cyclic  ortho  ester,  the  acidity  of 
the  a-proton  is  sufficiently  reduced  to  allow  for  oxidation  of  the  side  chain  with  no 
racemization.  Details  of  the  synthetic  strategy  and  its  application  to  the  synthesis  of 
chiral  p-hydroxy  a-amino  acids  have  recently  been  published  [3, 4].  We  report  here 
further  use  of  this  versatile  synthon,  with  entry  to  die  P-substituted-0-hydroxy  and 
p.y-unsaturated  (vinylglycine)  classes  of  a-amino  acids. 

Results  aud  Discussion 

The  cyclic  ortho  esters  derivatives  (OBO  ester,  2,6,7-trioxalncyclo[2.2.2]octane 
ortho  ester)  of  urethane  protected  serine  and  threonine  are  readily  synthesized  in  high 
yields  via  BFj.EtjO  catalyzed  rearrangement  [5]  of  an  oxetane  ester  (Scheme  1). 
Oxidation  of  the  hydroxyl  side  chain  proceeds  in  quantitative  yields  under  Swem 
conditions,  with  the  resulting  aldehyde  tr  ketone  possessing  >97%  ee  as  determined 
by  chiral  shift  *H  NMR  studies  or  by  deprotection,  derivatization,  and  HPLC 
analysis.  Grignard  additions  to  the  aldehyde  produce  protected  P- hydroxy  amino  acids 
with  good  diastereoselectivity  in  favor  of  the  L-threo  (25,3/?)  isomer  (generally  >4:1, 
as  high  as  20: 1  for  R  *  Me  at  -78°C).  Oxidation  to  the  ketone  followed  by  reduction 
with  LiBH4  gives  the  opposite  L -erythro  (25,35)  diastereomers,  with  even  better 
diastereoselectivity  (6:1  to  >50:1).  The  free  amino  acids  are  obtained  in  high  yields 
via  a  mild  three  step  deprotection  procedure. 
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Grignard  additions  to  the  threonine  derived  ketone  give  access  to  p-methyl-fi-hydroxy 
amino  acids,  such  as  p-hydroxyvaline  or  p-hydroxyisoleucine  (Table  1,  Scheme  2). 
The  L-rtreo  (2S,3R)  isomer  is  produced  with  very  high  diastereoselectivity  (>20:1) 
and  good  yields  (>60%).  The  cry  thro  diastereomers  can  also  be  selectively 
synthesized,  by  Grignard  addition  to  the  appropriate  ketone  derived  from  an  earlier 
Grignard  addition  to  the  protected  serine  aldehyde.  Diastereoselectivity  and  yields  are 
slightly  reduced.  Thus,  depending  on  the  order  of  organometallic  addition  and  the 
chirality  of  die  serine  aldeyde  synthon,  all  four  diastereomers  of  any  combination  of 
P-substituted-p-hydroxy  a-amino  acids  can  be  synthesized.  Isotopically  labelled  side 
chains  are  readily  introduced. 


Table  1  Diastereoselectivity  and  yields  of  Grignard  additions  to  the  protected  ketones, 
and  of  the  subsequent  deprotection 


Ketone 
side  chain 
R* 

Added  alkyl 
group 

R2 

protected  adduct 
diastereomeric 
ratio* 

2S,3R:2S  ,3 S 

yield(%) 

enantiomeric 
purity  of 
deprotectcd 
amino  acidb 

overall 

yieldc(%) 

ch3 

CHj 

- 

70 

99.8%  ee 

37 

CH3 

CDs 

95:5 

73 

98.6%ee 

52 

CHj 

Et 

98:2 

77 

99.2%ee 

31 

EX 

CH3 

3:97 

33 

83.8%ee 

13 

CHj 

4-MeOPh 

97:3 

58 

n.d.d 

25 

4-MeOPh 

CH3 

8:92 

36 

n.d.d 

15 

* determined  by  'H  NMR,  or  by  deprotectioo,  derivadzation,  and  HPLC  analysis. 
^determined  by  derivadzation  and  HPLC  analysis. 

‘’measured  for  recrystallized  free  a. a.  from  Fmoc-Thr-OBO  ester  or  Pmoc-Ser-OBO  ester. 
doM  determined  at  enanoomen  not  resolved  by  HPLC  assay  procedure. 
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R4 


R4«H,R*-H; 

r4«h,  r'-h,1^ 
R4-H.R*-CN 


R  4  -  H,  R  4  -  CH-CH* 

H,  R  4  a  OM*;  R4«Et,R4«H 


I 


1.  pfceMne 

2. TFA 

3.  CtjCOj 


R* 

CO*H 


Wittig  additions  to  die  Cbz  protected  serine  aldehyde  proceed  in  good  yields  (35-7 1  %) 
with  stereoselectivity  as  expected  for  the  type  of  ylide  employed  (Scheme  2). 
Protected  vinylglycine  was  prepared  in  70%  yield,  as  was  die  y-13C  labelled  analog. 
Deprotection  gave  die  free  labelled  and  unlabeHed  vinylglycines  in  72%  recrystallized 
yield,  though  some  racemization  had  occurred  (71%  ee). 

Further  investigations  of  the  recently  developed  OBO  ester  protected  serine 
aldehyde  and  threonine  ketone  synthons  have  led  to  the  first  diastereoselective 
synthesis  of  all  four  isomers  of  ^-substituted-^-hydroxy  a-amino  acids.  The  same 
synthons  can  be  employed  to  prepare  P.y-unsaturated  amino  acids,  though  some 
racemization  was  observed  in  the  synthesis  of  vinylglycine.  Isotopically  labelled 
derivatives  are  readily  prepared. 
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Introdaction 

fi-amino  acids  are  increasingly  used  in  peptidomimetic  as  surrogates  for 
a-amino  acids.  Renin  inhibitors  [1],  HTV  protease  inhibitors  and  RGD  mimetics  [2] 
incorporate  p- amino  acids  as  part  of  their  structure.  These  compounds  are  usually 
accessible  through  a  variety  of  reactions  which  include  reductive  animation  of 
precursor  ketones,  modified  Knoevenagel  reaction  or  Michael  addition  of  ammonia  or 
a  synthetic  equivalent  to  acrylic  derivatives  [3].  We  describe  an  expedient  synthesis 
of  a  novel  P-amino  acid,  p-amino-5-pyrimidinepropanoic  acid  by  Michael  addition  of 
ammonia  to  an  acrylic  derivative.  It  has  been  argued  that  fi-amino  acids  are  much 
more  flexible  than  a-amino  acids  [4].  We  have  examined  the  compounds  described 
by  'H  NMR  and  observed,  in  some  situations,  a  strong  conformational  preference. 

Results  and  Discussion 


The  palladium-catalyzed  Heck  reaction  between  5-bromopyrimidine  and  methyl 
acrylate  was  found  to  give  the  corresponding  p-pyrimidine  acrylates  of  Econfiguration 
[5],  When  the  t-butyl  acrylate  2b  is  used,  the  reaction  produces  t-butyl  3-{5-pyrimi- 


1  »  b-ch, 


2b  r  •<*»,), 


N^N 

5  FT-Cte 


OH 


a.  PdfOAcK  48  hr,  80 °C.  b.  MeOH/NH *  60°C,  72  hr.  c.  CbzCl,  NMM;  Trifluoroacetic 
acid,  CHjClj,  25  X,  3  hr. 
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dinyl)-2-propenoale,  3b,  which  can  be  used  as  Michael  acceptor  for  addition  of 
ammonia  in  dry  methanol. 

The  formation  of  the  amino  ester  4  competes  with  the  formation  of  the 
unsaturated  amide  and  addition  of  methanol  which  produces  t-butyl-3-methoxy-3- 
(5pyrimidinyl)propanoate.  The  amino  ester  can  be  purified  by  precipitation  as  a  salt 
or  by  chromatography.  The  free  amino  acid  is  easily  obtained  by  treatment  with 
trifluoroacetic  acid.  The  ‘H  NMR  spectrum  (Figure)  of  4  reveals,  even  in  DMSO 
solutions,  a  very  characteristic  ABX  pattern  for  the  superficially  identical  protons  of 
the  a-methylene. 


1  ppm 


Fig.  1.  a  is  the  ID-500  Mhz  proton  spectrum  of  the  trifluoroacetate  salt  of  4  (0.05M  in 
d6-DMSO);  b,  c  and  d  are  slices  of  the  ROESY  spectrum  through  the  diagonal  peaks  of, 
respectively,  the  4,6-pyrimidine  protons  (9.03  ppm),  the  NH  proton  (8.93  ppm)  and  the  f) 
proton  (4.6  ppm).  The  intensities  of  the  negative  peaks  (NOE)  are  inversely  proportional 
to  the  sixth  power  of  the  distance  between  the  proton  under  consideration  and  the  proton 
on  the  diagonal.  The  protons  of  the  a-methylene,  Ha  and  Ha',  are  magnetically  non¬ 
equivalent  (3.2  and  3.1  ppm,  referenced  to  DMSO)  and  have  a  geminal  coupling  constant 
of  15.4  Hz-  The  vicinal  coupling  constants,  Jafi  and  Ja'fi,  are  respectively  9.2  Hz  and 
5.3  Hz. 

The  'H  NMR  data  suggest  that,  although  4  could  exist  as  an  average  of  the 
available  stable  conformations  I,  n  and  m  (see  below),  a  preferred  conformation  is  m, 
possibly  stabilized  by  a  strong  hydrogen  bond  between  the  amine  NH  and  the 
carbonyl  carboxyl.  The  ROESY  experiment  supports  the  conformation  preference 
hypothesis  since  a  the  NOE  between  Hp  and  Ha'  than  HP  and  Ha.  Further,  the 
NOE  between  the  4,6-pyrimidine  aromatic  protons  and  Ha  is  stronger  than  that  of 
Ha'. 

The  aminoester  4  can  also  be  reacted  with  benzylchloroformate  to  produce  the 
Cbz  protected  species  S  isolated  as  an  oil.  Deprotection  with  TFA  gave  the 
crystalline  NCbz-P-amino  acid  6  which  is  ready  to  be  used  in  further  peptide  coupling 
reactions.  Thus,  6  was  coupled  to  methyl  glycinate  using  the  mixed  anhydride 
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method.  'H  NMR  pattern  of  compounds  5-7  woe  examined  for  indication  of 
conformational  preference.  While  the  acid  6  showed  the  sane  ABX  pattern  for  the 


a-methylene,  neither  of  the  two  compounds  5  or  7  showed  conformational  preference 
by  NMR,  even  in  chloroform  solutions. 


The  observation  of  a  conformational  preference  in  the  N-protccted  acid  6  may 
indicate  that  the  ^-amino  acid  conformation  plays  a  role  in  the  biological  activity  of 
biologically  active  peptide  or  peptidomimetic  having  p-amino  acids  at  the  C- 
terminus.  Studies  to  further  characterize  these  observations  are  underway. 
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Introduction 

The  O’Donnell  synthesis  [1]  of  a-amino  acids  generally  consists  of  the  phase - 
transfer  mediated  alkylation  of  the  benzophenone  Schiff  base  of  a  glycine  ester  with 
an  alkyl  halide.  This  synthesis  represents  an  attractive  route  to  non-proteinogenic  a- 
amino  acids  since  it  employs  readily  available  reagents  and  starting  materials  [2]  and 
proceeds  under  mild  reaction  conditions.  Several  unusual  amino  acids  have  been 
prepared  employing  this  procedure,  such  as  1  -aminocyclopropane- 1  -carboxylic  acid 
[3],  3-fluorophenylalanine  [4],  and  a-amino-(2,2'-bipyridine)-6-propanoic  acid  [5]. 
However,  while  this  method  usually  works  well  with  primary  or  activated  halides,  it 
sometimes  proceeds  with  difficulty  or  not  at  all  with  secondary  halides. 

Results  and  Discussion 

As  shown  in  Figure  1,  we  have  found  that  the  a-anion  of  the  benzophenone 
imine  of  glycine  fert-butyl  ester  generated  in  a  heterogeneous  mixture  of  aqueous 


- - - 


Fig.  1.  Synthesis  of  substituted  glutamic  acids. 

sodium  hydroxide  and  methylene  chloride  in  the  presence  of  a  catalytic  amount  of 
tetrabutylammonium  bromide  can  react  with  an  a^-tinsahmrted  ester  (Itamethyl  or 
phenyl)  to  yield  the  corresponding  ^-substituted  glutamic  acid  ester.  Because  these 
acid  labile  imines  tended  to  decompose  (hiring  flash  chromatography  on  silica  gel, 
they  were  hydrolyzed  by  stirring  overnight  in  a  two  phase  mixture  of  dilute 
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hydrochloric  acid  and  ether.  The  resulting  amine  hydrochlorides  were  then  converted 
to  the  corresponding  N-/err-butyk>xycarbonyl  a-tert-butyl  P-methyl  glutamates  with 
di-Jert-butyl  dicarbonate  in  dimethylformamide  with  triethylamine  to  yield  after  flash 


a.p-UfNtoaaled  Ester 


Product 


Yield 


37% 


38% 


chromatography  on  silica  gel  the  N-fert-butyloxycarbonyl  protected  diesters  in  37% 
and  38%  overall  yield  respectively  as  shown  above.  The  'H  NMR  showed  these 
products  to  consist  of  a  mixture  of  diastereomers  (7:1  and  15:1  respectively).  It 
should  be  noted  that  the  free  amines  were  not  stable,  readily  cyclizing  to  the 
corresponding  pyrrolidones  on  standing  at  room  temperature. 

Although  further  work  is  needed  to  define  the  scope  of  this  Michael  addition,  we 
feel  it  represents  an  exceptionally  mild  and  convenient  synthesis  of  these  substituted 
glutamic  acids.  We  are  currently  investigating  the  use  of  various  chiral  catalysts  [6] 
in  this  conjugate  addition  as  well  as  exploring  its  use  for  the  synthesis  of  other 
amino  acids. 
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Introduction 

Among  the  growing  family  of  modified  peptides,  endothiopeptides  (peptide 
thioamides)  possess  perhaps  the  most  gentle  alteration.  Endothio- analogues  of 
biologically  active  peptides  have  shown  several  interesting  properties,  such  as  partial 
protease  resistance,  enhanced  activity  or  receptor  selectivity  [1].  Preparations  of 
endothiopeptides  have  most  often  been  achieved  by  thionation  of  dipeptides  by  the 
use  of  Lawessons  or  similar  reagents.  Extensions  of  endothiopeptides  from  the  N- 
terminal  have  been  done  by  several  groups,  but  attempts  to  extend  from  the  C- 
terminal  have  most  often  failed  due  to  formation  of  thiazolones,  which  are  not  easily 
reopened,  and  are  easily  epimerised  [2].  An  alternative  strategy  involves 
thioacylation,  but  known  reagents  such  as  dithio  methyl  esters  of  N-protectcd  amino 
acids  are  often  not  sufficiently  reactive  [3].  Additionally,  such  compounds,  which  are 
prepared  by  use  of  Lawessons  Reagent  etc.,  do  not  allow  for  the  presence  of  amides 
in  the  amino  acid  side  chain.  We  have  recently  demonstrated  that  Fmoc  amino 
monothioacids,  which  are  potentially  available  from  all  amino  acids,  can  be  activated 
by  use  of  the  phosphorus-containing  PyBOP,  to  generate  new  thioacylating  species 
[4],  probably  thiono  HOBt  esters  (Figure  1,  route  a).  Thioamides  made  by  this 
method  are  formed  in  mixtures  with  their  corresponding  oxoamides,  but  they  can  be 
separated  chromatographically.  We  now  wish  to  report  the  use  of  this  strategy  for 
the  solid-phase  synthesis  of  the  following  endothiopeptides: 

pGlu-y[CSNH]-His-Pro-NH2  (Thyrotropin  Releasing  Hormone) 
pGlu-t|r[CSNH]-Ala-Lys-Ser-OH  (Serum  Thymic  Factor  1-4) 
H-Leu-Gln-y[CSNH]-Leu-Lys-OH  (cc-Mating  Factor  1-4) 
H-ProGln-y{CSNH]-Ala-Lys-Ser-OH  (Pro-STF  1-4) 

Results  and  Discussion 

Fmoc-Gln(Trt)-SH  was  prepared  from  die  HOSu  ester  and  HtS^TEA  [5],  yield 
96%.  The  hydrophilic  pGlu-SH,  however,  could  not  be  prepared  by  the  usual 
methods.  Extraction  from  water  was  difficult,  and  resulted  in  a  seriously  hydrolysed 
product  (>20%  pCHu-OH).  Therefore  pGhi-SH  was  isolated  as  its  DCHA  salt  upon 
reaction  of  pGlu-OPfp  with  HjS/DCHA  in  THF.  PfpOH  was  removed  from  the 
product  by  washing  with  ether,  to  leave  analytically  pure  pGlu-SH*DCHA,  yield 
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92%.  It  has  been  previously  described,  that  DCHA  salts  can  be  used  directly  in  BOP- 
coupiings  [6]. 


r"- 


RCX3SH + PyBOP  +  DIEA  j 

(RKN^IM)  (RR-N),P-S 


+JL 


Jr'nh, 


RCSNHR’ 


RNHj 

RCONHR' 


NOj 


Fig.  1.  Formation  of  the  Mono  HOBt  ester  and  phosphine  oxide  (route  a),  or  of  the  HOBt 
ester  and  phosphine  sulphide  ( route  b).  Structure  of  NOg-PyBOP  (I). 


As  demonstrated  by  the  use  of  31P-NMR,  monothioacids  are  activated  by 
PyBOP  significantly  slower  than  their  oxygen  analogues  [4].  This  observation  led 
us  to  test  PyBrOP  [7],  as  well  as  several  new,  substituted  BOPs  and  PyBOPs  [8]  for 
monothioacid  activation.  It  turned  out  that  6-nitro-benzotriazol-l-yl-oxy- 
tris(pyrrolidino)phosphonium  hexafluorophosphate  (1),  used  in  lipophilic  solvents, 
gave  the  best  results  in  terms  of  reaction  speed  and  yield  of  thioamide  (Table  1). 
While  PyBrOP  also  gave  fast  activation,  its  O/S-selectivity  (Figure  1,  route  b) 
resulted  in  low  yield  of  thioamide.  For  pGlu-SH.DCHA,  treatment  with  PyBOP 
gave  practically  no  reaction  at  all,  whereas  satisfactory  activation  was  obtained  with 
1.  Though  die  solubility  of  I  in  lipophilic  solvents  is  less  than  that  of  PyBOP,  it 
quickly  dissolves  as  activation  proceeds. 

Table  1  Activation  of  CH3COSH  by  use  of  PyBOP  and  analogues 


Reagent 

‘1/2  * 

C=Sb 

P=SC 

NOrPyBOP 

<  2  min 

79% 

8% 

CFj-PyBOP 

2  min 

77% 

6% 

PyBOP 

41  min 

71  % 

8% 

BW 

91  min 

12% 

5% 

PyBrOP 

4  min 

4% 

73% 

*t]/2  was  measured  by  the  disappearance  of  the  pbosphomum  signal  in  31P-NMR. 
*OS  was  measured  as  CH3CSNHR  relative  to  CH3CONHR,  by  the  use  of  ‘H-NMR. 
CP*S  was  measured  relative  to  P*0,  by  the  use  of  31P-NMR. 


Since  eadodhopeptides  are  often  sensitive  towards  add  [9],  we  chose  the  Fmoc- 
strategy,  where  only  one  add  treatment  is  used,  for  the  solid-phase  synthesis. 
Though  thioamide*  are  sometimes  reactive  towards  nucleophilic  amines,  this  study 
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suggests  that  Fmoc-deprotection  with  piperidine  leaves  the  endothio  function  intact, 
at  least  for  shot  peptides.  An  alternative  deprotection  method  could  involve  non- 
nucleophilic  DBU  [10].  Peptide  synthesis  was  done  in  25  pmol  scale  on  Wang  or 
Rapp  resins,  which  both  have  good  swelling  properties  in  lipophilic  solvents. 
Normal  couplings  were  done  in  DMF  by  use  of  Pfp/Dhbt  esters  (3  eq.,  2  hours), 
whereas  deprotections  were  done  with  20%  piperidine  in  DMF  (3+7  min).  Before 
coupling  of  the  monothioacid,  the  peptide-resin  was  washed  thoroughly  with  dried 
CHCI3,  and  purged  with  N2.  The  monothioacid  (2  eq.),  1  (2  eq.)  and  DIEA  (3  eq. 
for  Fmoc-Gln(Trt)-SH,  1  eq.  for  pGlu-SH»DCHA)  were  mixed  in  dried,  N2-purged 
CHCI3  containing  a  few  drops  of  CH3CN,  added  to  enhance  solubility.  This  mixture 
was  added  to  the  resin  immediately.  After  leaving  overnight,  the  peptide  was 
extended  by  use  of  standard  methods.  Following  treatment  with  TFA/CH2CI2/EDT, 
48:48:4,  for  30  min,  peptides  woe  precipitated  in  ether,  lyophilised  and  subjected  to 
preparative  RPHPLC.  Use  of  longer  periods  or  higher  concentration  of  TFA,  or  use 
of  4M  HCl/dioxane,  gave  less  or  no  yield  of  endothiopeptides.  The  chromatograms 
demonstrated  the  presence  of  several  products  (oxo-analogues,  residual  protecting 
groups  etc.),  but  the  endothiopeptides  were  easily  identified  on  basis  of  their  strong 
UV-absoiption  in  the  thioamide  area  (»260  nm).  Yields  of  endothiopeptides  were  8- 
14%,  calculated  from  the  resin  substitutions.  The  isolated  peptides  showed  the 
correct  molecular  ion  in  FABMS,  and  gave  the  expected  AAA.  The  relatively  low 
yields  of  endothiopeptides  can  possible  be  attributed  to  the  single  acid  treatment  An 
alternative  to  the  use  of  acid  labile  protection  groups  may  be  desirable. 
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Introduction 

Cionin,  a  newly  discovered  octapeptide  amide  from  the  neural  ganglion  of  the 
protochordate  Ciona  intestinalis,  has  a  remarkable  structural  homology  with  the  C- 
terminal  amino  acid  sequences  of  gastrin  and  CCK  [1].  In  addition,  cionin  contains 
two  consecutive  tyrosine-sulfate  [TyrCSOjH)]  residues  at  the  "gastrin-position”  and 
the  "CCK-position"  (6th  and  7th  position  from  the  C-terminus,  respectively).  In 
order  to  give  insight  into  the  role  of  the  respective  Tyr(S03H)  residue  for  the 
biological  activity  of  cionin,  two  derivatives  in  which  one  of  the  two  Tyr(S03H) 
residues  was  replaced  by  Tyr  were  prepared  (Figure  1).  Here  we  describe  the  solid- 
phase  synthesis  of  cionin  and  the  regioisomerically  mono-sulfated  derivatives  using 
two  different  approaches.  The  effects  on  exocrine  pancreas  of  these  synthetic  peptides 
were  examined  in  dog. 

cionin  H-Asn-Tyr-Tyr-Gly-Trp-Mei-Asp-Phe-NH2 

cionin  B-peptide  H-Asn-Tyr-Tyr-Gly-T«p-Met-Asp-Phe-NH2 

cionin  C-peptide  H-Asn-Tyr-Tyr-Gly-Trp-Met-Asp-Phe-NH2 

cionin  N JS.  H-Am-Tyr-Tyr-Gly-Trp-Met-Asp-Phe-NH2 

CCK-8  H-Asp-Tyr-Met-Gly-Trp-Mei-A5p-Phe-NH2 

Fig.  1.  Structure  of  cionin  and  related  peptides. 

Results  and  Dbcani«o 

In  the  first  set  of  the  synthesis,  cionin  and  two  regioisomerically  mono-sulfated 
derivatives  (cionin  B-  and  C-peptide  in  Figure  1)  were  prepared  directly  with  the 
Fmoc-based  solid-phase  methodology  (Approach  1).  This  approach  is  based  on  the 
following  strategies:  (i)  an  acid-labile  PAL-linked  resin  is  used  and  peptide-chain 
assembly  is  conducted  with  the  Fmoc -chemistry;  (ii)  Tyr(SOjNa)  residue(s)  is 
incorporated  into  the  peptide-chain  by  the  use  of  Fmoc-Tyr(S03Na)-OH  [2]  as  a 
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building  block;  (iii)  final  deprotection  of  the  protecting  groups  and  cleavage  of 
peptide  from  the  resin  support  are  concurrently  carried  out  with  90%  aqueous  TFA  in 
the  presence  of  m-creaot  and  2-methylindole,  under  which  condition  the  deterioration 
of  TyrfSOjNa)  moiety  can  be  effectively  minimised  [2].  Each  peptide  was  obtained 
in  a  reasonable  purity  after  acid  treatment  (4°C,  5  h),  however,  yield  was  not 
satisfactory  in  each  case  because  of  the  insufficient  cleavage  of  the  peptide  from  the 
resin. 

Alternatively,  two  regioisomerically  mono-sulfated  cionin  derivatives  were 
synthesized  with  an  aid  of  orthogonally  cleavable  protecting  groups  (Approach  2) 
[3].  In  Figure  2,  the  synthetic  scheme  of  cionin  B-peptide  is  shown.  Tyr(Msib) 
[Msib=p-(methylsulfinyl)benzyl]  derivative  was  used  for  the  peptide-chain  assembly 
to  achieve  the  sulfation  on  the  selective  Tyr  residue;  the  Tyr  residue  not  to  be  sulfated 
was  incorporated  with  Fmoc-Tyr(Msib)-OH  and  the  Tyr  residue  to  be  sulfated  was 
incorporated  with  Fmoc-Tyr^BuJ-OH,  respectively.  The  Msz  protecting  group 
[Msz^-(methylsulfinyl)  benzyloxycarbonyl]  was  also  used  for  an  amino  protection 
of  the  N-terminus  to  avoid  a  possible  sulfamic  acid  formation  during  the  sulfation. 
The  fully  protected  peptide-resin  was  treated  with  TFA/EDT/m-cresol  (85:10:5, 25°C, 
2h).  The  partially  protected  peptide  was  then  subjected  to  the  sulfation  on  the  free 
Tyr  residue  and  the  reduction  of  the  Msih/Msz  groups  to  the  acid-labile  Mtb/Mtz 
groups  [Mtb=p-(methylthio)benzyl,  Mtz=p-(methylthio)benzyloxycarbonyl]  with  the 
action  of  DMF-SO3  complex  in  the  presence  of  EDT,  concurrently  [4,  5].  A  final 
deprotection  of  the  Mtb/Mtz  groups  was  conducted  with  90%  aqueous  TFA /m- 
cresol/2-methylindole  (4°C,  1  h).  HPLC  purification  afforded  a  highly  purified 
mono-sulfated  peptide.  Overall  yields  were  around  20%  for  both  cionin  B-  and  C- 
peptide.  Thus,  our  new  approach  was  successfully  allied  to  the  selective  sulfation 
of  the  multiple-Tyr-containing  peptide. 


Tit  *Bu  Msib  C/Bu 

Fmoc— Asn— Tyr— Tyr— G  ly — Trp—Met— Asp—Phe— (PAL)— (?) 
[|  20%  piperidine  /  DMF 

Msz-OSu  /  HOOBt  /  NMM 
Trt  ‘Bu  Msib  tfBu 

Msz— Asn— fyr— Tyr— Gly— Trp—Met— Asp— Phe— (PAL)— (p) 

Msib  TFA/EDT/m-cresol (85:10:5) 

Msz— Asn— Tyr— Tyr— Gly— Trp—Met— Asp— Phe— NH2 


SOjH  Mtb  DMF-SO3  complex  (125  eq) /EDT (125 eq) 
Mtz— Asn— T^r— Tyr — Gly— Trp— Met— Asp— Phe— NHj 

SO3H  ^  90%  aq.TFA  /  m-cresol  /  2-methylindole 

H — Asn — Tyr — Tyr — Gly— Trp — Met— Asp — Phe — NHj 


Fig.  2.  Synthetic  scheme  of  cionin  B-peptide  with  Approach  2. 


The  effects  of  the  synthetic  cionin,  two  mono-sulfated  derivatives,  and  cionin 
non-sulfate  (N.S.)  on  exocrine  pancreas  were  examined  in  dogs.  In  both  experiments, 
CCK-8  was  used  as  a  reference.  In  Table  1,  the  increment  of  pancreatic  protein  output 
(mg/kg/10  min)  in  response  to  the  synthetic  peptides  is  shown.  Both  cionin  and 


K.  Kitagawa  et  aL 


Synthetic  Methods 


cionin  B-peptide  increased  pancreatic  protein  output  almost  in  the  equal  potency  with 
CCK-8,  while  the  potency  of  cionin  C-pepdde  and  cionin  N.S.  were  substantially 
reduced.  In  Table  2,  the  increase  of  pancreatic  tissue  blood  flow  (PTBF)  after 
injection  is  shown.  In  each  case,  the  peak  was  observed  about  3  min  after  injection. 
Rom  these  experiments,  the  CCK-like  effects  of  die  peptides  appeared  to  be  an  order 
of  cionin  *  cionin  B-peptide  =  CCK-8  >  cionin  C-peptide  »cionin  N.S.  Thus  it 
will  be  conceived  that  the  TyrfSOjH)  residue  at  position  7  (from  the  C-terminus)  is 
an  important  structural  feature  of  cionin  and  controlling  the  activities  on  the 
pancreas.  For  the  further  evaluation  on  the  role  of  the  sulfate  ester  at  position  6 
(gastrin-position),  gastrin-like  activity  of  cionin  and  related  derivatives  is  now  under 
investigation. 


Table  1  Increment  of  pancreatic  protein  output  (mg/kg/10  min) 


LTUSC 

(pmol/kg) 

cionin 

cionin-B 

cionin  C 

cionin  N.S. 

CCK-8 

20 

4.810.9  * 

4.811.0  a 

0.510.2  b 

0.210.2 

5.210.9 

200 

8.211.0  a 

9.111.0  * 

2.810.6  b 

0.710.2 

8.511.0 

*  p  <  0.05  vs.  cionin  C  and  cionin  N.S.  b  p  <  0.05  vs.  cionin  N.S. 


Table  2  Change  of  pancreatic  tissue  blood  flow  (PTBF)  (%f 


i-’T’T 


(pmol/kg) 

11016 

cionin 

cionin-B 

cionin-C 

cionin  N.S. 

CCK-8 

20 

peak 

178128 

194131b 

11416 

10714 

1881261 

5  min 

124110 

115112 

10112 

10013 

120115 

10  min 

120111 

11615 

9515 

9815 

11415 

200 

peak 

207l22b 

263160b 

184129 

12315 

210113' 

5  min 

185124b 

212163b 

129124 

9017 

1871191 

10  min 

136115b 

146133b 

10516 

8916 

1371161 

*  The  pre-injection  level  was  taken  as  100%.  b  p  <  0.05  vs.  cionin  N.S. 
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Introduction 


A  major  goal  in  peptide  and  protein  research  is  to  develop  a  rational  approach  to 
highly  selective  peptide  and  protein  ligands  with  specific  conformational  and 
topographical  features  [1].  For  this  purpose,  it  is  necessary  to  develop  novel  and 
efficient  methods  for  the  enantioselective  synthesis  of  unusual  amino  acids  and  their 
key  intermediates.  We  have  proposed  a  one-pot  asymmetric  synthesis  of  key 
intermediates  of  fl-methyl-a-amino  acids  [2a]  and  completed  the  total  synthesis  of  all 
four  individual  isomers  of  {J-methyl-Trp  and  Tyr  derivatives  [3b  &  c].  We  have  also 
synthesised  a  systematic  series  of  (2S,  3S)  and  the  (2R,  3R)  precursors  via  the  one- 
pot  asymmetric  1,4-conjugate  addition  and  electrophilic  brotnination  using  3(2E)-(1- 
oxobut-2-eneyl)-4-phenyl-2-oxazolidinone  as  the  reaction  substrate  with  a  variety  of 
different  aromatic  organocuprates  as  the  addition  reagents  [2b].  Here  we  report  the 
asymmetric  synthesis  of  the  (2S,  3R)  and  (2R,  3S)  precursors,  by  a  new  method 
using  a  series  of  aromatic  a,  P-unsaturated  analogs  as  the  reaction  substrates  (la-li) 
and  the  same  cuperate  ligand  as  the  addition  reagent 


i»,ic,i*  &  is 


lb,  Id,  lf.lg  &  1J 


l;2 


1.  CHijMgBr,  CuBr-SfCI^; 

2.  NBS,  -78  °C. 


1;  2 


ch3  o  o 


Scheme  1 


2b,  2d,  2f ,  2c  &  21 
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Resalts  and  Discussion 

The  overall  syn-addition  of  organocuprates  and  the  tandem  NBS  bromi nation  for 
directing  the  two  new  chiral  centers  is  controlled  by  the  improved  Evans  auxiliary, 
resulting  in  higher  stereoselectivities  than  those  obtained  from  our  former  system  in 
most  cases  [2b].  A  representative  procedure  is  described,  for  example  21.  To  a 
copper(I)bromide-<iiraethyl  sulfide  complex  (0.23g,  l.lOmmol,  1,1  eq)  was  added 
dimethyl  sulfide  (1.31  ml)  and  dry  THF  (2.2  ml).  The  resultant  solution  was  cooled 
to  -78°C  to  form  an  opaque  mixture.  Methyl  magnesium  bromide  (0.49  ml  of  3  M 
solution  in  ethyl  ether,  1.47  mmol,  1.47  eq)  was  added  to  the  solution  under  a 
nitrogen  atmosphere  to  yield  a  yellow  slurry  which  was  stirred  at  -78°C  for  10  min, 
0°C  for  another  10  min,  and  re-cooled  to  -78°C  before  being  transferred  via  a  Teflon 
cannula  to  a  pre-cooled  (-78°C)  slurry  of  li  (0.53  g,  1.0  mmol )  in  THF  (4  ml)  and 
dicholoromethene  (2.4  ml).  The  resulting  mixture  was  stirred  at  -78°C  for  30  min, 
-10°C  for  15  min  (45  min  for  reactions  a-h),  (the  color  of  die  reaction  changing  from 
brown/yellow  to  green  during  this  period).  Following  being  re-cooled  to  -78°C,  the 
solution  was  transferred  to  a  -78°C  solution  of  NBS  (2.3  g)  in  THF  (65  ml). 

The  resultant  mixture  was  stirred  at  -78°C  for  45  min  (90  min  for  reactions  a- 
h),  quenched  by  sodium  sulfite  (1.3  M),  washed  by  water  (100  ml)  and  brine  (100 
ml).  Organic  extracts  were  dried  over  magnesium  sulfate  and  concentrated  in  vacuo. 
The  crude  residue  was  evaluated  by  'H-NMR  prior  to  column  chromatography  to 
yield  a  glassy  solid  (0.50g,  80%)  (Table  1,  below). 
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“Only  two  isomers  were  observed  in  the  case  of  c,  e,  g  and  h. 

b After  purification  only  one  isomer  was  obtained  in  all  of  the  cases;  99.0%  indicates  that 
only  one  isomer  was  observed. 
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TLC  and  ‘H-NMR  (250  MHz)  proved  a  convenient  method  to  monitor  the 
progress  and  determine  the  stereoselectivities  for  both  die  asymmetric  addition  and 
bromination  processes.  TLC  conditions  employed  EtO  Ac  :hexane :CH3CN  (2.7:6.3:1) 
for  reaction  i,  and  EtOAc.hexane  (3:7)  for  reactions  a-h  respectively.  The  absolute 
stereochemistry  was  confirmed  by  the  X-ray  structure  analysis  of  2e  [3b]  and  by 
converting  2a  to  (2R.3R)  ^-methyl-phenylalanine  which  was  compared  to  an 
authentic  sample  obtained  by  alternative  procedures  [3d].  The  downfield  chemical 
shifts  (5.9-6.47  ppm)  of  the  a-protons  of  the  bromides  and  several  'H  signals  from 
the  chiral  auxiliary  can  be  used  to  evaluate  the  stereoselectivities  following  the 
bromination  reactions.  Only  one  isomer  was  observed  for  die  reactions  a,  b,  f  and  i 
(Table  1).  The  solid  products  obtained  of  e  and  f,  could  be  easily  crystallized,  all 
other  products  remained  as  oils  or  glassy  solids  and  failed  most  attempts  at 
recry  stallizatkm. 

The  established  asymmetric  one-pot  Micheal-like  addition  and  electrophilic 
bromination  reaction  is  highly  efficient  in  conjunction  with  aromatic  a,  fj- 
unsat united  systems  for  the  synthesis  of  (2R,  3S)  and  (2S,  3R)  precursors  to  b- 
methyl  aromatic  amino  acids  in  high  stereoselectivities  ai  d  high  yields.  The  amino 
acids  derived  from  several  of  these  precursors  have  demonstrated  their  importance  in 
our  efforts  to  develop  a  rational  approach  to  the  design  of  highly  selective  peptide  and 
protein  ligands,  with  specific  conformational  and  topographical  features  [4]. 
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Introduction 

Synthetic  antisense  oligonucleotides,  able  to  control  gene  expression  in  various 
systems  including  virus  infected  cells  are  putative  therapeutic  agents  [1],  It  is  known 
that:  i)  fluoresceiny  lated  oligonucleotides  are  localized  into  vesicular  compartments, 
ii)  no  or  a  minute  amount  of  fluorescent  material  is  found  in  the  cytosol  (or  in  the 
nucleus)  where  die  antisense  oligonucleotide  targets  are  located,  iii)  newly  synthetized 
proteins  with  a  Lys-Asp-Glu-Leu  (KDEL)  sequence  at  their  C-terminal  end  are 
selectively  retained  in  the  endoplasmic  reticulum  [2],  and  iv)  reticulum  endoplasmic 
is  involved  in  the  presentation  of  cytosolic  peptide  by  the  MHC I  Systran. 

On  these  bases,  we  prepared  peptide-oligonucleotide  hybrids  made  of  an 
antisense  oligodeoxynucleotide  linked  to  a  peptide  with  a  KDEL  sequence  at  its  C- 
terminal  end,  with  the  aim  of  helping  these  conjugates  to  reach  the  endoplasmic 
reticulum  and  from  there  to  cross  die  membrane  to  enter  the  cytosol  or/and  the 
nucleus  where  the  antisense  oligonucleotide  targets  are  located. 

The  synthesis  of  peptide-oligonucleotide  conjugates,  directly  on  solid-phase 
peptide  synthetizers  or  on  DMA  synthetizers,  has  been  reported,  but  this  method  is 
not  satisfactory  due  to  the  lack  of  "universal"  protecting  groups  for  both  strategies 
and  to  side  reactions  during  coupling  cycles  or  cleavage  from  the  solid  support.  A 
postsynthesis  conjugation  appears  to  be  a  better  alternative. 

The  conjugation  through  disulfide  linkage  of  an  oligonucleotide  to  a  separately 
synthetized  peptide  has  been  reported  [3],  but  the  S-S  bridge  being  reduced  in 
endosomes  [4],  is  therfore  not  appropriate  for  the  assigned  purpose.  For  these 
reasons,  we  prepared  oligonucleotides  and  peptides  separately,  each  one  being 
adequately  functionalized  to  obtain  a  conjugate  through  a  stable  thioether  bond. 

In  this  paper,  we  describe  an  improved  method  which  allows  to  synthetize 
oligonucleotide-peptide  hybrids  by  linking  a  3'-thiol  oligonucleotide  to  a  Na- 
maleimidocaproy  1-peptide.  The  oligonucleotide  used  is  a  12-mer  with  a  sequence 
specific  for  Ha-rev  around  the  point  mutation  in  the  12th  codon  [3]. 

Results  and  Discussion 

Similar  conjugations  using  the  reaction  of  a  maleimide  group  with  a  thiol 
group  have  been  previously  reported  [6],  but  the  maleimide  group  was  appended  at 
pH  8.0.  Gregory  [7]  showed  that  the  maleimide  group  is  stable  between  pH  3.3  to 
7.0,  but  is  readily  hydrolyzed  at  pH  8.0  during  the  coupling  step  to  give  maleamic 
acid.  In  our  procedure  the  maleimide  group  is  appended  to  the  a-NH2  of  die  peptide, 
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at  neutral  pH,  to  preserve  the  e-NH2  of  lysine  side  chain  which  is  essential  for  the 
peptide  biological  activity.  The  synthesis  strategy  is  outlined  in  Figure  1. 


H-Tyr— Lys-Asp-Glu-Leu-OH 
|  MHS,  pH  6.5 

N«-Maleimidocaproyl-Tyr-Lys-Asp-Glu-Leu-OH 

IOIigooucleotide-SH,  pH  7.2 

i — ■e0 

\  N  -{CH^-CO-Tyr-Lys-Asp-Glu-Leu-OH 

Oligonucleotide-S  ^  ^  O 

Fig.  1.  Synthesis  strategy  of  an  oligonucleotide-peptide  hybrid.  MHS:  e- 
maleimidocaproic  acid  N -hydroxy succinimide  ester. 

The  peptide  NH2-Tyr-Lys-Asp-Glu-Leu-OH  (YKDEL),  bearing  a  tyrosine 
residue  for  subsequent  radiolabeling  of  the  conjugate,  was  synthesized  in  solution 
using  commercially  available  protected  amino  acids  :  Boc-Tyr(Bzl)-OH,  Boc-Lys(Z)- 
OH,  Boc-Asp(OBzl)-OH,  Boc-Glu(OBzl)-OH  and  HCl,H-Leu-OBzl.  Peptide  coupling 
was  performed  by  BOP  mediated  reaction  in  dichloromethane  (DCM),  40% 
trifluoroacetic  acid  in  DCM  was  used  in  the  Boc  deprotec  ting  step.  After  synthesis, 
the  protecting  groups  were  removed  by  catalytic  hydrogenolysis.  The  peptide  was 
purified  by  re  versed-phase  chromatography  using  a  100  RP  18  Merck  column  (250  x 
10  nun)  eluted  with  a  linear  A-B  gradient  (5-90%  B),  where  A  is  0.1%  ammonium 
acetate  in  water  and  B  is  0.1%  ammonium  acetate  in  acetonitrile,  for  25  min.  The 
peptide  is  eluted  at  14.0  min. 

The  oligonucleotide  bearing  a  3'-disulfide  bridge  and  a  5'-NH2  group  was 
synthesized  by  solid  phase  synthesis  on  a  disulfide  derivatized  solid  support  [8]  (10 
pinole  scale)  using  the  phosphoroamidite  method  and  the  fast  oligonucleotide 
deprotection  phosphoroamidite  base  protecting  groups  (FODs™).  The  oligomer  3’- 
disulfide  was  substituted  on  its  5'-end  by  introducing  an  amino  group  which  was 
further  fluoresceinylated  in  order  to  study  the  intracellular  traffic  of  the  conjugate. 
The  5'fluoresceinyl-oligonucleotide  was  purified  by  ion-exchange  chromatography  on 
a  DEAE  8 HR  Waters  column  (100  x  10mm),  using  two  buffers:  A  (25  mM  Tris 
HC1,  ImM  EDTA,  pH  8.0  (90%)/acetonitrile  (10%)]  and  B  (buffer  A  +1.0  M  NaCl). 
A  linear  gradient  was  run  from  10  to  80%  B  over  40  min.  The  disulfide  bridge  of  the 
fluorescent  oligonucleotide  was  reduced  with  [tris(2-carboxyethyl)phosphine]  TCEP 
[9]  (3  eq)  to  give  the  12  mer  3'-thiol  oligonucleotide 

e-Maleimidocaproic  acid  <V-hydroxysuccinimide  ester  (4.5  pmoles)  in  50pL 
DMF  and  peptide  (5  pinoles)  were  incubated  in  lmL  0.1M  phosphate  buffo’,  pH  6.5 
in  the  presence  of  0.3M  NaCl  for  1  hour  at  room  temperature  [10].  Under  these 
conditions  we  obtained  46%  of  a-monosubstituted  peptide.  The  a-monosubstituted 
peptide,  isolated  by  RP  18  HPLC  had  a  UV  spectrum  with  the  characteristics  of  both 
tyrosine  and  mateimide  groups.  Oligonucleotide  0.1  pmole  bearing  a  disulfide  bridge 
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at  its  3‘  end  and  a  fluoresceinyl  moiety  at  its  S'  end  was  reduced  with  TCEP  (0.3 
|Amole)  in  500  (iL  2M  NaCl,  0.1M  phosphate  buffer,  pH  7.2,  for  3  h  at  room 
temperature  undo1  nitrogen. 

One  equivalent  of  the  oligonucleotide-SH  was  added  to  one  equivalent  of  Na- 
maleimidocaproyl-peptide  without  elimination  of  the  TCEP  excess.  The  reaction 
mixture  was  stirred  for  5h  at  room  temprature.  The  oligonucleotide- peptide  conjugate 
was  collected  in  82%  yield).  The  conjugate,  after  purification  by  RP  18  HPLC,  has 
the  expected  spectral  characteristics  related  to  both  DNA  and  fluorescein  moieties  and 
the  expected  amino  acid  composition. 

The  a-amino  group  of  a  peptide  can  easily  be  substituted  at  pH  6.5,  under  such 
conditions  the  maleimide  is  quite  stable  and  the  E-amino  group  is  poorly  reactive. 
Furthermore,  the  use  of  TCEP  as  a  reducing  agent,  allows  the  (Reparation  of  the 
oligonucleotide  peptide  conjugate  even  in  the  presence  of  a  TCEP  excess  and  without 
any  purification  step  of  the  intermediate  oligonucleotide  mercaptan  avoiding  the 
oligonucleotide  dimerization. Various  oligonucleotide-KDEL  conjugates  specific  for 
human  immunodeficiency  virus  genomic  sequences  have  been  prepared  by  using  the 
above  described  method.  The  intracellular  traffic  and  biological  efficiency  of  the 
covalent  peptide-oligonucleotide  conjugates  synthetized  are  currently  under 
investigation. 
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Introduction 

Reversible  protein  phosphorylation  mediated  by  protein  kinases/phosphatases  is 
widely  recognized  as  one  of  the  major  mechanisms  by  which  eukaryotic  cells  regulate 
various  cellular  processes.  Many  biological  important  proteins  such  as  enzymes, 
growth  factors  receptors,  cytoskeletal,  contractile  and  oncogenic  proteins  are  known 
to  exist  as  phosphoproteins  [1-9].  Ready  access  to  phosphopeptides  related  to 
biological  phosphoproteins  is  essential  for  the  study  of  such  fundamental  processes. 
For  this  reason,  the  development  of  efficient  methods  for  the  synthesis  of  phospho¬ 
peptides  and  analogs  has  became  a  goal  of  utmost  importance. 

There  are  currently  two  approaches  for  the  synthesis  of  phosphopeptides .  The 
first,  known  as  "global  strategy"  involves  post-synthetic  phosphorylation  of 
unprotected  side-chain  hydroxyl  group  either  in  solution  or  in  the  solid  phase.  The 
second,  called  "sequential  or  stepwise  strategy"  involves  incorporation  of  a 
phosphoaminoacid  derivative  in  the  growing  peptide.  It  requires  the  preparation  of 
adequately  protected  phosphoaminoacid  bearing  a  free  carboxyl  group.  Although 
virtually  suitable  for  both  liquid  and  solid-phase  methodologies,  the  synthesis  of 
phosphopeptides  has  been  so  far  hampered  by  die  extreme  lability  of  phosphoserine 
and  phosphothreonine  derivatives  which  are  readily  converted  by  ^-elimination  into 
the  corresponding  a,P-dehydro  derivative  [10]. 

Results  and  Discussion 

We  now  propose  a  simple  convenient  and  versatile  method  which  proceeds 
through  the  intermediacy  of  a  methylthiomethyl  (MTM)  ester.  As  shown  in  the 
reaction  sequence  below,  the  amino  group  can  be  protected  with  either  benzyloxyl 
(Z),  fcrt-butyloxycarbonyl  (Boc)  or  allytoxycarbonyl  (Alloc)  [11-12].  Moreover, 
MTM  ester  which  is  compatible  with  both  phenyl,  2,2,2-trichloroethyl  and  benzyl 
phosphate  protecting  groups  is  smoothly  removed  without  production  of  p- 
elimination  by-products. 

Phosphoaminoacids  3  (X=0)  were  obtained  by  treatment  of  1  with  either 
diphenyl  or  bis(2,2,2-trichk>roethyl)  phospbochloridate,  two  commercially  available 
reagents.  Thiophospho  analog  3  (X«S)  was  prepared  by  the  pbosphoramidite 
methodology  using  bis-(2,2,2-trichIoroethyl)-W,W-diethyI  phosphoroamidite.  The 
intermediate  phosphite  was  sulfurized  by  sulfur  leading  to  the  fully  protected 
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No  0-eUmination  protect  was  delected  during  this 


R'-NH-CH-COOH 

I  , 

CH-R2 

I 

OH 

1 


«) 


R'-NH-CH-COOCHjSCHj - R‘-NH-CH-COOCH2SCH 


CH-R2 

L 


CH-R2 

I 

O-PtOR’lj 

I 

X 


iH) 


RpNH-CH-COj-H 

CH-R2 

0-P(0R3)2 

4-16  X 


R'-Z.BocorAloc 

R2  -  H  (SeriM)  or  CH3  (dmoMae) 

RJ*PhorCHjCa3 

X  =  O  or  S 


i)  To  a  solution  of  I  ( l  eq.)  and  NaHCOj  (10  eq.)  in  DMSO  (5  ml)  was  added  t- 
butylbromide  (10  eq.)  m  DMSO  (5  ml)  The  mixture  was  stirred  for  12  h  at  room 
temperature:  yield  70-90%  [13]. 

ii)  2  ((XmO),  1  eq.)  was  dissolved  in  distilled  pyridine  (5  ml)  under  nitrogen  atmosphere 
and  cooled  to  -30“C.  To  this  stirred  solution,  the  phosphochloridate  (3  eq.)  was 
added.  The  mixture  was  stared  under  nitrogen  atmosphere  at  -20°C  (R*H)  or  at  room 
temperature  (R=CH3  )  overnight:  yield  90-90%. 

ii)  2  ((X*S),  1  eq.)  1-H  tetrazoU  (3  eq.)  was  added  in  one  portion  to  a  solution  of  2(1 
eq.)  in  dry  THF  (2.5  ml)  containing  his-2,2,2-trichloroethyl  N. N- diisopropyl 
phosphoramidite  (1.05  eq.)  at  +20“C.  The  reaction  was  monitored  by  TLC.  Then,  a 
saturated  solution  of  Sg  (1.66  eq.)  in  toluene/2,6-lutidine  (19:1;  v/v)  was  added  at 
room  temperature.  The  reaction  was  monitored  by  31 P-NMR:  yield  60%  [  15). 

iii)  To  a  solution  of  3  (1  eq.)  in  dietkylether  (50  ml)  was  added  MgBr2  Et20  (4  eq.)  at 
room  temperature.  The  reaction  was  monitored  by  TLC:  yield  70-90%. 


Table  1  Phospho  and  thiophosphoserine  and  threonine  synthons 


R2 

H 

H 

H 

CH, 

ch3 

CH3 

R' 

Boc 

Alloc 

Boc 

z 

Alloc 

X«0 ;  R3HPh 

4 

5 

6 

7 

8 

9 

X=Q ;  R3-CHjCa3 

19 

11 

12 

13 

14 

15 

X*S  ;  R3*  CHjCCU 

16 

Finally,  the  MTM  group  was  readily  removed  by  treatment  with  magnesium 
bromide  in  ether  [14]  to  afford  the  expected  phosphoaminoacids  4-14  (Table  1)  in 
excellent  yields:  75  to  95%  for  compound  4-15  (X=0),  50%  for  compound  16 
(X-S). 

AD  compounds  reported  in  Table  1  were  obtained  in  a  pure  crystalline  form  or 
as  DCHA  salts  and  fully  characterized  by  'H-,  ,SC-  and  31P-NMR  spectroscopy. 
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Two  of  them  (4  and  14)  were  used  for  the  preparation  of  a  pbospbopeptide  sequence 
related  to  the  rat  liver  pyruvate  kinase  (Ala-Ser(P)-Val-Ala)  in  both  the 
phosphorylated  (17)  and  thiophosphory  lated  (18)  form.  The  synthesis  of  17  and  18 
was  performed  by  liquid-phase  methodology  with  BOC  as  the  amino  protecting  group 
and  DCC  and/or  BOP  as  coupling  reagent 

The  approach  reported  herein  based  on  methylthiomethyl  ester  intermediates 
allowed  us  to  prepare  phosphoserine,  phospho threonine  and  thiophospho serine 
synthons  in  good  yield  without  {1 -elimination  by-products.  Such  building  blocks 
were  used  to  prepare  phospho-  and  thiophospho  derivative  of  Ala-Ser(P)-Val-Ala,  an 
epitope  of  the  rat  liver  pyruvate  kinase. 
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Introduction 

Catalytic  transfer  hydrogenation  (CTH)  is  an  important  synthetic  technique  in 
organic  chemistry.  This  method  is  applicable  to  numerous  functional  groups 
including  halo,  nitro,  cyano,  allyl,  and  benzyl  groups  as  well  as  aldehydes  and 
ketones.  Though  many  organic  compounds  have  been  employed  as  hydrogen  donors 
for  transfer  hydrogenation  [1],  formic  acid  and  its  salts  occupy  a  special  place  because 
of  their  efficiency.  Recent  studies  have  demonstrated  that  formate  salts  such  as 
ammonium  formate  are  superior  to  formic  acid  as  hydrogen  donors  [2, 3].  A  detailed 
mechanistic  study  of  transfer  hydrogenation  is  of  great  significance  since  this 
technique  is  gaining  considerable  importance.  Unfortunately,  such  investigations  on 
these  reactions  are  very  scarce  [4,  3].  The  present  study  was  undertaken  to  evaluate 
the  efficiencies  of  various  formate  salts  as  hydrogen  donors  and  elucidate  the 
mechanism  of  hydrodechlorination,  a  reaction  useful  for  peptide  applications  as  well 
as  for  detoxifying  environmental  chlorocarbons  [6]. 

Results  and  Discussion 

Formic  acid  and  some  of  its  salts  such  as  HCOOLi,  HCOONa,  HCOOK, 
HCOONH4  and  HCOONHEt3  were  selected  to  assess  their  efficiency  as  hydrogen 
donors.  The  well  proven  and  efficient  10%  Pd/C  was  chosen  as  a  catalyst.  A  mixed 
solvent  system  (EtOH:H20  -  88:12)  was  utilized  to  bring  both  substrate  (2- 
chlorotoluene)  and  the  hydrogen  donor  into  solution.  The  kinetic  profiles  for  the 
chosen  formates  are  presented  in  Figure  1.  Initial  rates  show  that  the  hydrogen- 
donating  abilities  of  the  Group  1A  formates  follow  the  order:  K+  >  Na+  >  Li+  > 
H+.  The  other  formates  used  in  this  study  are  grouped  separately  and  ranked  as 
follows:  NH4+  >  NHEt3+  >  H+.  The  following  arguments  may  explain  the  observed 
activities  of  Group  1 A  formates.  The  separation  of  the  formate  ion  from  its  cation, 
which  is  necessary  for  the  ionization  of  alkali  metal  formates,  depends  on  both  the 
polarity  of  the  bond  and  the  intern uclear  distance  between  the  oxygen  of  the  formate 
and  the  alkali  metal  ion.  Assuming  equal  polarities  of  the  M-O  bond,  where  M  is  H, 
U,  Na,  K,  the  ease  of  separation  of  ions  is  greatly  influenced  by  the  initial  distance 
between  their  centers  of  charge.  Thus,  a  plot  of  initial  rates  with  ionic  radii  has 
demonstrated  that  the  relation  is  indeed  quite  striking. 
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Prom  the  base  strength  of  NH3  (pK,  *  9.25 )  and  E&3N  (pAT,  =  10.72),  one 
might  expect  HCOONHEt3  to  show  greater  activity.  The  size  effect  also  dictates 
HCOONHEt3  to  display  higher  activity.  But  the  observed  results  display  a  reverse 
trend.  Apparently,  the  cation  size  comparison  is  not  valid  in  these  two  instances 
(NH4+  and  NHEtj+)  where  steric  hindrance  predominates  in  the  latter  case.  Therefore, 
the  results  can  be  explained  on  the  premise  that  the  adsorption  of  formate  ion  on 
palladium  is  hindered  when  the  counter  ion  is  bulkier  (NHEt3+). 


0  10  20  30  40  50  80 


Time,  min 

Fig.  1.  Time  •  conversion  profiles  for  hydrodechlorination  of  2-chlorotoluene.  Reaction 
conditions:  2-chlorotoluene  <0.2  M),  formic  acid  or  salt  (0.24  M),  10 %  Pd/C  (200  mg), 
volume  (25  mL)  and  temperature  (2Q°C). 

As  shown  in  Figure  1,  formic  acid  is  a  very  pom  hydrogen  donor  for  the 
dechlorination  of  2-chlorotoluene.  The  time-conversion  plot  appears  as  if  HC1  has 
poisoned  the  catalyst  irreversibly.  Further  experiments  have  helped  to  conclude  that 
HCOO  ion  is  the  precursor  for  the  reaction  and  HC1  deactivates  the  catalyst  but  does 
not  poison  it  completely.  The  kinetic  data  on  hydrodechlorinatic.'  of  2-chlorotoluene 
were  obtained  by  changing  variables  such  as  the  concentration  of  substrate,  hydrogen 
donor  and  the  catalyst.  The  plots  of  initial  rate  vs.  initial  concentration  revealed  that 
the  order  of  the  reaction  is  zero  with  substrate  (the  rate  is  independent  of  the  substrate 
concentration),  first  order  with  hydrogen  donor  (up  to  0.08  M)  and  first  order  with 
respect  to  catalyst.  In  the  case  of  HCOONa,  the  order  becomes  fractional  beyond 
0.08  M.  The  isotope  effect  was  calculated  to  be  1.87  when  the  HCOONa/EtOH/H20 
is  replaced  with  DCOONa/EtOD/D20.  Though  HCOONa  is  considered  as  a  strong 
electrolyte,  complete  dissociation  into  HCOO*  and  Na+  ions  in  88%  ethanol  may  be 
limited  especially  at  higher  concentrations.  Therefore,  the  dissociation  of  the  sodium 
formate  is  considered  the  first  step  of  this  transfer  hydroge nolysis  mechanism.  The 
second  step  in  the  process  may  be  the  adsorption  of  HCOO  onto  the  Pd  surface. 
This  adsorption  leads  to  dissociative  chemisorption  resulting  in  PdH  and  CO2.  The 
observed  kinetic  isotopic  effect  helps  us  to  conclude  that  the  dissociation  of  formate 
is  die  rate-determining  step  in  the  overall  process.  The  zero  order  dependence  of  the 
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substrate  reveals  that  adsorption  as  well  as  the  surface  reaction  of  2-chlorotoluene 
occurs  very  quickly.  From  the  kinetic  results,  the  following  mechanism  has  been 
proposed  for  the  dechlorination  of  2-chtoroSohiene  by  HCOONa  under  the  catalytic 
influence  of  10%  Pd/C. 


HCOONa  4'  HCOO*  +  Na+ 

(1) 

Pd°  +  HCOO-  42  PtKHCOO")*j 

(2) 

Pd(HCOO!td  PtffT  +  COj 

(3) 

PdH-  +  a-C6H4-CH3  Pd°  +  C^Hj-CH3  +  CT 

(4) 

The  rate  expressions  derived  from  the  above  scheme  explain  all  the  observations  and 
hence  the  proposed  mechanism  is  considered  mote  appropriate. 

The  hydrogen-donating  abilities  of  formate  salts  have  been  shown  to  depend  on 
the  counter  ion.  The  poor  hydrogen-dooming  efficiency  of  formic  acid  to  aryl 
chlorides  is  partly  attributed  to  the  deactivating  effect  of  one  of  the  products  (HO)  on 
the  catalyst.  All  evidence  shows  that  HCOCT  is  the  active  species  during 
hydrogendysis  and  not  HCOOH.  The  kinetic  data  and  the  isotopic  effect  demonstrate 
that  scission  of  formyl  C-H  is  the  rate-determining  step.  The  hydride  or  hydride  like 
species  formed  on  the  Pd  surface  reacts  with  the  substrate  in  a  fast  step  resulting  in 
the  desired  hydrogendysis  reaction. 
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Introduction 

The  human  immunodeficiency  virus  (HTV)  encodes  an  aspartyl  protease 
necessary  for  viral  replication.  Following  the  nucleoside  analogue  inhibitors  of 
reverse  transcriptase  (AZT  and  congeners)  protease  inhibitors  are  envisioned  to  c reate 
a  "second  front"  against  AIDS,  because  inactivation  of  the  HIV -protease  (HIVP)  leads 
to  die  formation  of  non-infectious  virions  due  to  their  immaturity.  Significant  efforts 
to  identify  potent  inhibitors  of  HIVP  have  been  made,  mostly  based  on  incorporation 
of  transition  state  mimics  into  substrate  analogues  [1].  We  introduce  here  a  novel 
scissile  bond  replacement,  namely  the  2-aminobenzyl  statine  moiety  as  a  non 
hydrolyzable  dipeptide  isostere.  The  cornerstone  of  the  synthesis  is  a  two-step 
sequence,  namely  the  diastereospecific  epoxidation  of  2,3-unsaturated  carboxylic 
esters,  obtained  by  Wittig  olefination  of  appropriately  protected  a-aminoaldehydes, 
and  the  enantio-  and  regiospecific  opening  of  these  epoxides  with  N-,  S-  and  O- 
nucleophiles. 

Results  and  Discussion 

The  inhibitors  were  synthesized  as  shown  in  Figure  1.  The  key  reaction  is  the 
epoxidation  of  the  2,3-unsaturated  carboxylic  esters,  easily  obtained  in  a  two-step 
sequence  starting  from  BOC-protected  aminoalcohols  or  the  appropriate  dipeptides 
[2J.  This  reaction  is  unusually  slow  (4-5  days,  r.t.,  CH2C12,  m-chloroperbenzoic 
acid),  but  yields  exclusively  the  2S.3R  epoxide  (when  starting  from  the  natural  L- 
amino  acids)  in  50-75%  yield.  The  structure  has  been  verified  by  X-ray 
crystallography.  These  epoxides  react  enantio-  and  regiospecific  with  amines, 
mercaptans  and  phenols  exclusively  in  position  2,  leading  to  2(R)-hetero  aryl,  alkyl 
or  aralkyl  substituted  statine  derivatives.  Conventional  saponification  and  coupling 
gives  the  target  compounds.  Using  tins  new,  highly  flexible  synthetic  approach  to 
the  hitherto  unknown  2-amino-benzyl  statine  compounds,  a  whole  range  of 
derivatives  has  been  produced  [5],  leading  to  SDZ  282-870. 

This  compound,  synthesized  congruently  in  6  +  2  steps  starting  from  Z-Val- 
phenylalaninol  in  an  overall  yield  of  30%,  was,  due  to  its  promising  biological 
activity  (see  Table  1)  selected  for  further  evaluation.  In  addition,  synthetic  efforts  to 
provide  even  stronger  inhibitors  of  HIV  replication  are  ongoing. 


193 


D.  Schok.  et  aL 


Synthetic  Methods 


Tafcfe  1 


Compound 

Kj{nM] 

EDjq  [nM] 

HIV- IP  [3] 

H1V-2P  [3] 

HIV-1[4]  IUB/MT4 

SDZ  282-870 

3.4 

120 

29* 

Ro  31-8959 

1.4 

1.4 

12b 

No  inhibition  of  hu-renin,  hu- trypsin,  hu-elastase  and  porcine  pepsin  at  10  pM. 
*  Mean  of  18  determinations. 
b  Mean  of  16  determinations. 
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Introduction 

Organic  templates  can  assist  peptide  strands  to  assemble  into  a  protein-like 
molecule  {1}.  In  this  paper,  silica  gel  is  "imprinted"  with  the  geometry  of  a 
tridentate  template  so  that  3-helix  bundle  proteins  can  be  built  on  the  silica  surface. 
We  describe  the  synthesis  of  a  tridentate  aldehyde  “TRIPOD”,  modification  of  silica 
surface  with  the  tridendate  template,  and  preliminary  experiments  for  the  assembly  of 
surface-bound  helix  bundle  proteins. 

Results  and  Discussion 

We  synthesized  a  trialdehyde,  "TRIPOD”,  which  when  reacted  with  4- 
methoxydimethylsilylaniline  (MODS A)  forms  a  tridentate  SchifFs  base  [2]. 

Scheme  1 
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This  molecule,  "MODSA  tripod"  was  refluxed  with  silica  gel  in  dry  toluene  to 
covalently  attach  the  template  molecule  to  the  surface  [3].  The  modified  silica  gel 
was  subjected  to  mild  acidic  hydrolysis  to  remove  the  tripod  portion,  and  to  leave  the 
silica  surface  "imprinted"  with  amine  groups  in  the  geometry  of  the  tripod  molecule. 
To  confirm  the  structure  of  the  aminophenyl  groups  on  the  surface,  the  silica  gel  was 
treated  with  aqueous  HF  [4]  to  release  4-fluorodimethylsilylaniline,  which  was 
analyzed  by  MS. 

Scheme  2 
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The  distance  between  the  amine  groups  on  the  surface  should  be  appropriate  for 
the  synthesis  of  a  3-helix  bundle  protein  on  the  modified  silica  gel.  A  15-residue 
peptide,  NH2-AEQIAQEAEQLLQEL-CONH2  was  modified  at  the  N-tenninus  with 
4-carboxybenzaldehyde  for  attachment  to  the  modified  silica  gel  by  reductive 
animation.  This  peptide  has  a  potential  to  form  an  amphiphilic  a-helix,  and  the  same 
sequence  has  been  used  to  organize  a  stable  3-helix  bundle  on  a  metal  template  [5]. 
The  formyl  group  was  protected  as  a  cyclic  acetal  to  avoid  the  competitive  formation 
of  a  Schiffs  base  during  the  coupling  reaction.  Benzaldehyde- modified  Ala-amide  was 
also  synthesized  as  a  model  compound  using  the  same  reaction. 


1) HOBt/DIC 

2)  TFA  /  ihioanisolc 


COMI-K 


R  -  Ala-amidc 

A-E-Q-L-L-Q-E-A-E-Q-L-L-Q-E-L-amidc 
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CD  analysis  showed  that  the  aldehyde-modified  peptide  has  modest  a-helicity  (44%) 
in  pH  4.8  buffer.  The  a-helicity  is  comparable  to  the  bipyridine-modified  peptide 
that  forms  a  3-helix  bundle  protein  in  the  presence  of  Fe(II)  ion  [3].  No 
concentration  dependence  of  a-helicity  was  observed  below  a  concentration  of  2.6  x 
10"5  M  suggesting  a  monomeric  state  of  the  aldehyde-modified  peptide  in  aqueous 
solution. 

The  aldehyde-modified  alanine  was  reacted  with  aniline  in  the  presence  of 
NaBH3CN.  The  reductive  animation  [6]  proceeded  smoothly,  and  die  product  was 
characterized  by  NMR  and  mass  spectrometry.  Silica  gel  modified  with  “MODSA 
tripod”  is  being  reacted  with  aldehyde-modified  alanine  and  peptide  under  similar 
conditions.  To  characterize  the  surface-bound  helix  bundle  proteins,  we  plan  to 
modify  quartz  slides  so  that  the  protein  structures  can  be  studied  using  CD 
spectroscopy  [7], 
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Introduction 

Most  cellular  processes  are  regulated  by  the  phosphorylation  of  specific  serine, 
threonine  and  tyrosine  residues  in  target  proteins,  mediated  by  protein  kinases. 
Especially  tyrosine  phosphorylation  is  the  focus  of  many  investigations,  because  it 
is  involved  in  the  regulation  of  cell  growth  and  differentiation  [1].  For  several 
studies  directed  at  protein  phosphatases  one  would  like  to  use  phosphopeptide 
analogues  that  bind  to  the  enzymes  but  are  resistant  to  hydrolytic  cleavage. 
Phosphonate  and  thiophosphate  analogues  have  proven  useful  for  this  purpose  [2,  3]. 
The  use  of  phosphonate  analogues  necessitates  first  the  elaborate  synthesis  of  special 
suitably  protected  amino  acid  building  blocks  and  second  die  repeated  assembly  of  the 
same  sequence  if  the  unphosphorylated  and  normally  phosphorylated  peptides  are  also 
needed.  Alternatively,  the  well  established  procedure  of  global  phosphorylation  of  an 
unprotected  hydroxyl  amino  acid  on  the  resin  offers  the  advantage,  that  the 
unphosphorylated  and  phosphorylated  sequence  can  be  obtained  from  one  batch  [4]. 
Especially  the  use  of  the  very  reactive  phosphoamidites  has  been  reported  many 
times.  These  reagents  also  offer  the  possibility  to  synthesize  phosphatase-resistant 
thiophosphate-analogues  by  oxidizing  the  intermediate  phosphite  with  elemental  sul¬ 
fur  or  sulfur  transferring  agents  [3].  Hoe  this  approach  is  demonstrated  with  the  syn¬ 
thesis  of  a  13  amino  acid  tyrosine-phosphorylated  and  -thiophosphorylated  sequence 
of  the  EGF  receptor,  containing  the  autophosphorylation  site  Tyr  1 173.  The  quality 
of  the  peptides  after  phosphorylation  with  and  without  N-terminal  protection  was 
compared.  Deprotection  and  workup  conditions  were  investigated  especially  for  the 
thiophosphate  analogue  with  respect  to  side  reactions  and  problems.  The  tyrosine 
thiophosphate  group  turned  out  to  be  hydrolytically  labile  under  acidic  conditions. 
The  hydrolysis  rate  was  determined  with  the  thiophosphorylated  model  dipeptide  Ac- 
Tyr(TP)-Gly. 

Resalts  and  Discussion 

The  synthesis  of  the  unphosphorylated  EGFR  sequence  1 168-1180  was  carried 
out  with  Fmoc  amino  acids  on  a  commercial  peptide  synthesizer,  employing  TBTU 
and  diisopropylethylamine  for  activation.  Since  the  strategy  of  global 
phosphorylation  on  the  resin  was  used,  tyrosine  was  incorporated  with  an  unprotected 
hydroxyl  function.  The  sequence  was  synthesized  in  two  batches,  batch  A  with  an  N- 
terminal  Boc-alanine  (1,  Figure  1)  and  batch  B  with  an  unprotected  N-terminus  (2). 
HPLC  and  FAB-MS  analyses  of  small  samples  of  both  peptides  after  cleavage  and 
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workup  gave  no  significant  differences  between  the  two  batches.  During  the 
synthesis  of  this  and  other  peptides  we  never  observed  any  O- acylation  of  unprotected 
hydroxyl  functions  with  this  coupling  chemistry.  Global  phosphorylation  of  both 
peptide  batches  was  carried  out  with  a  large  excess  (50  fold)  of  di-t-butyl  N,N- 
diethylphosphoramidite  and  lff-tetrazole  in  DMF  [5].  Oxidation  of  the  phosphites 
was  achieved  in  situ  either  by  the  addition  of  t-butyl  hydroperoxide  to  give  the 
phosphate  3  or  by  the  addition  of  a  solution  of  dibenzoyltetrasulfide  in  THF  [6]  for 
the  preparation  of  the  thiophosphate  4.  The  quality  of  crude  3  obtained  from  the  N- 
terminal  Boc -protected  sequence  was  slightly  better  than  that  from  the  unprotected 
sequence.  In  both  cases  the  product  was  obtained  almost  quantitatively.  A  N- 
terminal  phosphoramidate,  if  it  is  being  formed  from  2,  is  cleaved  by  95%  TFA  in 
the  times  pan  of  the  deprotection  (3  hours). 
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Fig.  1.  Reaction  scheme  for  the  phosphorylation  and  thiophosphorylation  of  the  Na- 
Boc-protected  (1)  and  unprotected  (2)  EGFR-related  sequence  by  global  phosphorylation 
on  the  resin. 


In  contrast,  the  HPLC  profiles  of  the  thiophosphory lated  products  from  both 
batches  showed  peaks  for  the  desired  peptide,  the  unphosphorylatcxl  sequence  and  the 
sequence  containing  a  P-S-t-butyl  group,  that  is  probably  formed  by  a  reattachment 
of  2-methylpropene  to  P-SH  or  P=S.  Formation  of  this  reattachment  product 
amounted  to  about  30%  in  neat  TFA  and  could  be  lowered  by  the  addition  of 
scavengers  like  triisobutylsilane  or  DTT,  although  it  could  never  be  completely 
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suppressed.  Treatment  of  the  compound  with  959b  TFA  released  the  t-butyl  group 
very  slowly,  only  to  a  degree  of  about  50%  in  24  hours.  The  unprotected 
thiophospfaate  group  of  4  turned  out  to  be  hydrolytically  labile  under  acidic 
conditions.  The  hydrolysis  between  pH  0.1  and  8  was  determined  with  the 
thiophosphorylated  model  dipeptide  Ac-Tyr(TP)-Gly  (Table  1).  Hydrolysis  was 
fastest  at  pH  3  with  a  half-time  of  i2.5  horns.  The  compound  was  completely  stable 
at  pH  8,  although  for  most  practical  purposes  foe  stability  under  neutral  conditions 
(pH  7)  is  probably  sufficient  The  thiophosphorylated  EGFR  peptide  could  be 
purified  by  omitting  TFA  in  the  solvent,  accompanied  by  only  a  slight  peak¬ 
broadening.  Analysis  of  foe  phosphorylated  and  thiophosphorylated  peptides  by 
FAB-MS,  NMR  and  sequencing  gave  foe  expected  results.  Tyrosine  foiophosphate 
and  tyrosine  phosphate  both  gave  blanks  during  the  gas-phase  as  well  as  foe  pulsed 
liquid  sequencing. 


Table  1  Half-time  of  the  hydrolysis  of  the  thiophosphate  group  between  pH  0.1  and 
8.0.  *extnapolated 


pH 

*1/2  <h> 

8.0 

no  hydrolysis 

7.0 

760* 

6.0 

170* 

4.7 

21.5 

4.0 

14.0 

3.0 

12.5 

2.0 

16.0 

1.1 

21.2 

0.1 

34.0 
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Introduction 

During  the  cell  cycle  histones  are  subject  to  various  posttranslational 
modifications,  e.g.  ubiquitination,  acetylation  and  phosphorylation  [1,  2].  For 
structure-function  studies  it  is  desirable  to  have  access  to  defined  histone  fragments 
with  and  without  corresponding  chemical  modifications.  Here  we  describe  the 
synthesis  of  the  N-terminal  14mer  peptide  of  calf  histone  H2A  including  acetylated 
and  pho6phorylated  derivatives. 

Results  and  Discussion 

The  peptide  SGRGKQGGKARAKA  (H2A  1-14  from  calf  thymus 
[1])  was  synthesised  by  the  Fmoc/HBTU-strategy  using  a  modified  FastMoc-cycle  of 
Applied  Biosystems  (Foster  City,  CA,  USA)  monitoring  the  peptide  synthesis  by 
measuring  the  absorption  of  die  fulvene-piperidine  adduct  after  cleavage  of  the  Fmoc- 
groups  at  301  nm.  Serine  was  incorporated  as  FmocSerOH.  The  unprotected 
hydroxyl  group  showed  no  side  reaction  [5].  The  following  modifications  were 
introduced: 

SGRGKQGGKARAKA 
13  10  14 

SI  =  (P),  (Ac);  KS  *  (Ac)  where  (P)  denotes  O- phosphorylation  of  some  and  (Ac) 
acetylation  of  the  e-amino  group  of  lysine  or  the  a -amino  group  of  serine.  All 
seven  possible  derivatives  of  the  peptide  were  obtained. 

Acetylation  at  pos  1  was  achieved  on  resin  utilising  a  novel  cycle  on  the  430  A 
Applied  Biosystems  Peptide  Synthesizer  coupling  104b  acetic  anhydride  in  DCM 
twice  to  the  unprotected  N-tenninus  of  the  resin  bound  peptide.  Peptides  acetylated  at 
pos  3  were  synthesised  using  the  FmocLys(Ac)OH-derivative  in  the  course  of  the 
solid  phase  synthesis.  Subsequent  phosphorylation  of  die  respective  peptides  was 
achieved  via  d>-t-butyl-N,N-diethyl-pbosphoramidite  with  subsequent  oxidation  [3, 3] 
and  alternatively  via  dibenzophospfaochloridate  [4,  3].  In  the  case  of  the 
phosphoramidite  procedure  the  tetrazole-catalysed  phosphitilation  was  carried  out  in 


202 


mm 


-  *  T/TVV .  ./;’V 

■jAiruAthLl  * ' : •  i  nil uttbrVY  in *- 


W.O.  Wachsetal 


Synthetic  Methods 


acetonitrile  followed  by  oxidation  with  m-chloroperbenzoic  acid.  In  the  case  of 
dibenzophospbochloridate  the  resins  with  the  peptides  were  exposed  to  the 
phosphoryiating  reagent  twice  for  two  hours  and  a  third  time  over  night,  the  first 
addition  taking  place  at  -25'C. 

All  peptides  were  cleaved  from  the  resin  by  exposure  to  95%  TFA/H20  for  lh 
at  room  temperature.  After  precipitation  with  ether  and  lyophilisation  the  peptides 
were  deprotec  ted  completely  by  a  mixture  containing  thioanisole  (lllpl),  ethane 
dithiol  (56pl),  m -ere sol  (19|il),  trimethylbromosilane  (125|il)  and  TFA  (691  pi)  for 
another  hour  at  0*C.  The  often  employed  scavenger  mixture  including  phenol,  ethane 
dithiol,  thioanisole,  water  and  TFA  resulted  in  several  incompletely  deprotected 
peptides,  even  after  prolonged  cleavage  time  (up  to  5h).  All  peptides  were 
characterised  and  purified  on  a  Nucleosil  100  C 18  5  pm  column  by  a  linear  gradient 
of  acetonitrile  in  0.1%  TF A/water. 

Capillary  electrophoresis  was  performed  using  the  Model  270HT  of  Applied 
Biosystems,  the  samples  being  injected  for  one  second  at  a  pressure  of  5  inch  on  a 
capillary  of  72  cm  (50  pm  I.D.).  In  20mM  sodium  citrate  buffer,  pH  2.3,  all 
phosphopeptides  were  separated  from  their  unphosphorylated  parent  species  at  30  kV 
within  15  min,  the  differences  of  the  respective  migration  times  lying  between  0.3 
and  1.9  min. 

A  TAGA  6000E  triple-quadrupole  mass  spectrometer  equipped  with  a  standard 
atmospheric  pressure  ionisation  source  (Sciex,  Toronto,  Canada)  was  used  to  sample 
ions  from  the  ion  spray  source  [6].  The  samples  (about  50  pg  freeze  dried 
phosphopeptide  in  100  pi  50%  methanol  and  50%  water)  were  continuously  infused 
into  the  spray  probe  by  means  of  a  syringe  pump  (Harvard  Apparatus,  Southnatick, 
Mass.,  U.S.A.,  Model  22)  at  a  flow  rate  of  3  pl/min.  All  peptides  and 
phosphopeptides  gave  the  expected  masses. 

Although  both  phosphorylation  procedures  yield  the  desired  phosphopeptides, 
the  phosphoramidite  procedure  results  in  higher  yields  and  fewer  by-products,  which 
is  evident  from  the  RP-HPLC  profiles  and  the  ion  spray-mass  spectra. 
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Introduction 

The  chemistry  of  peptide  bond  formation  and  protection  strategies,  as  well  as 
the  practical  methodologies  of  SPPS  have  been  refined  to  such  an  extent  that  it  is 
now  possible  to  synthesise  small  proteins  by  this  method.  The  resources  required  for 
such  syntheses  are  considerable  and  the  development  of  methods  to  optimise 
synthetic  protocols  is  important.  Quantitative  solid-phase  Edman  degradation  for  the 
evaluation  of  extended  SPPS,  often  referred  to  as  "preview  sequencing”,  using  the 
Boc/polystyrene  synthesis  approach  has  been  used  successfully  for  some  time  [1], 
This  method  is  particularly  valuable  in  assessing  syntheses  because  it  is  capable  of 
revealing  accurately  incomplete  aminoacylation  reactions.  It  has  been  pointed  out  [2] 
that  sequencing  of  protected  resin-bound  peptides  is  not  applicable  to  the  products  of 
standard  Fmoc -chemistry  SPPS  since  both  amino  acid  side  chain  protecting  groups  as 
well  as  resin  linkage  agents  are  labile  to  the  acid  conditions  of  the  Edman 
degradation.  The  fact  that  polystyrene  pepddyl  resins  with  acid-labile  linkers  such  as 
p-hydroxymethyl-phenoxyacetic  acid  can  be  sequenced,  either  using  external  or  in  situ 
resin  detachment  prior  to  analysis,  has  been  demonstrated  [3].  We  find  that  direct 
quantitative  preview  sequence  analysis  of  peptides  attached  to  a  variety  of  synthesis 
resins  by  acid-labile  anchors  can  be  achieved.  The  utility  of  preview  sequence 
analysis  to  extended  Fmoc  continuous  flow  SPPS  is  exemplified  by  the  synthesis  of 
the  99-residue  protease  from  HIV- 1 . 

Whereas  examination  of  the  results  of  pilot  syntheses  by  preview  sequence 
analysis  of  peptidy!  resins  and  analysis  of  the  cleaved  materials  (e.g.,  using  mass 
spectrometry)  ate  useful  in  the  design  of  scale-up  syntheses,  it  would  be  of  great 
advantage  to  be  able  to  accurately  predict  difficulties  likely  to  be  encountered  in  a 
synthesis.  Much  is  known  about  die  side-reactions  associated  with  various  aspects  of 
SPPS,  particularly  acidolytic  deprotection  and  resin  detachment,  and  problems 
emanating  from  this  source  are  more  or  less  predictable.  The  chief  remaining 
problem  is  accurate  prediction  of  so-called  "difficult  couplings".  Much  progress  has 
been  made  in  this  area  by  attempting  to  identify  those  combinations  of  carboxyl  and 
amino  components  likely  to  cause  difficulties  in  SPPS  acylation  reactions.  The 
results  from  such  studies  (e.g.,  [4])  are  derived  from  databases  of  peptide  synthesis 
coupling  tests.  It  has  been  realised  for  some  time  that  the  occurrence  of  "difficult 
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sequences”  in  SPPS  is  not  so  much  a  consequence  of  the  nature  of  the  solid  support, 
amino  acid  protecting  groups  or  coupling  chemistry  applied  but  is  inherent  to 
particular  sequences.  Indeed  it  would  appear  that  the  same  phenomena  which  cause 
troublesome  solubility  problems  of  protected  peptide  segments  in  convergent 
syntheses,  i.e. ,  the  inherent  propensity  of  some  sequences  to  adopt  (J-type  secondary 
structures,  are  responsible  for  acylation  difficulties  with  resin-bound  protected 
peptides  and  are  predictable  [5].  We  have  tried  to  contribute  to  the  reliability  of  such 
prediction  methods  by  assessment  of  the  reactivities  not  of  the  solid-phase  bound 
amino  components,  but  the  relative  efficiency  of  the  activated  carboxyl  components 
in  peptide  bond  formations. 

Results  and  Discussion 

Preview  sequence  analysis  of  peptides  bound  to  Wang  resin  (i.e.,  the  same 
polystyrene-divinylbenzene  support  as  in  Boc-type  syntheses  but  with  the  TFA-labile 
p-alkoxybenzylalcohol  linker)  presents  no  problems.  We  have  found  that  flow 
synthesis  supports  such  as  macroporous  kieselguhr/polydimethylacrylamide  [6]  and 
Polyhipe™/polydimethylacrylamide  [7]  composite  resins,  suitable  for  automatic  flow 
synthesis,  are  compatible  with  gas-phase  sequence  analysis.  Peptides  assembled  on 
such  resins  using  either  p-alkoxybenzylakobol  handles  or  acid-labile  linkers  yielding 
peptide  amides  give  equally  satisfactory  results.  Although  we  find  that  in  most  cases 
peptides  can  be  sequenced  up  to  and  including  the  C-terminal  residue,  repetitive 
sequencing  yields  gradually  decrease  at  a  similar  rate  as  when  sequencing  free 
peptides.  In  several  instances  we  have  sequenced  both  the  complete  Fmoc-deprotected 
peptidyl  resin  as  well  as  the  crude  cleaved  peptide  in  order  to  demonstrate  that  the 
presence  of  the  solid  support  and  side-chain  protecting  groups  does  not  adversly  affect 
sequencing  results.  We  have  found  that  wash-out  can  be  minimised  if  the  peptidyl 
resins  to  be  sequenced  are  placed  into  the  sequencer  cartridge  (ABI  model  470 
Sequenator)  sandwiched  between  Folybreen™-$oaked  filter  paper  discs.  The  side- 
chain  protecting  groups  of  the  r-butyl  and  trityl  type  are  sufficiently  acid  labile  to  the 
conditions  of  phenylthiocarbamoyl  peptide  cleavage  so  that  only  the  corresponding 
free  side  chain  PTH-amino  acids  are  observed  after  conversion.  The  Pmc  protecting 
group  of  the  Arg  guanidino  function  is  less  acid  labile  [8]  and,  unlike  all  the  other 
amino  acids,  assessment  of  Arg  preview  is  somewhat  unreliable.  Low  yields  of 
PTH-Arg  are  observed  if  Arg  occurs  close  to  the  Al-terminus  of  a  sequence,  if  Arg 
residues  are  located  further  into  the  sequence,  the  repetitive  exposure  to  acid  at  die 
various  cleavage  reactions  of  the  Edman  chemistry  results  in  improved  PTH-Arg 
yields. 

Several  syntheses  of  HIV-1  protease  have  been  reported.  Generally  in  these 
syntheses  Cys67  and  Cys95  residues  were  replaced  by  isosteric  Abu  residues  in  order 
to  simplify  synthetic  manipulations.  We  have  achieved  the  synthesis  of  HTV-1 
protease  with  the  native  sequence  using  the  Fmoc/Bu'-polyamide  flow  resin  synthesis 
strategy.  The  Cys  residues  were  protected  in  the  side  chain  with  the  5- 
acetamidomethyl  group  to  permit  purification  prior  to  liberation  of  the  thiol  groups. 
The  successful  progress  of  the  chain  assembly  was  followed  using  preview  sequence 
analysis  (see  Table  1).  Folding  of  the  synthetic  materi.il  into  the  biologically  active 
form  was  achieved  by  dilution  of  the  protease  from  a  solution  containing  a  high 
concentration  of  urea.  The  activity  of  the  crude  folded  synthetic  material  was 
sufficient  to  permit  routine  screening  of  potential  protease  inhibitors  in  RP-HPLC 
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assays  or  using  continuous  spec tro-photomeiric  methods.  Further  purification  by 
RP-HPLC  and  affinity  chromatography  on  immobilised  pepstatin  yielded  highly  pure 
enzyme  by  comparison  with  authentic  samples. 

Table  1  Quantitative  sequence  analysis  of  synthetic  HIV-1  protease  peptidyl  resin 


Sampled 
at  Residue 

Preview 
at  Residue 

Cycles 

(no.) 

Preview 

(%) 

Yield  (%) 

Correct  Average 
Chains  per  Step 

78 

96 

19 

26.1 

73.9 

98.3 

51 

75 

24 

33.5 

66.5 

98.2 

40 

47 

7 

14.6 

85.4 

97.8 

27 

36 

9 

15.1 

84.9 

98.2 

16 

22 

6 

21.4 

78.6 

96.1 

1 

10 

9 

25.3 

74.7 

96.8 

The  steric  and  electronic  availability  of  an  ^-terminal  amino  group  on  a 
peptidyl  resin,  in  combination  with  the  chemical  reactivity  of  the  incoming  activated 
carboxyl  component,  determines  the  quantitative  outcome  of  any  coupling  reaction  in 
SPPS.  It  should  be  noted  that  compilations  of  acylation  tests  from  various  peptide 
syntheses  represent  a  combination  of  these  two  factors;  it  is  obviously  difficult  to 
determine  to  what  extent  the  results  are  biased  towards  one  or  the  other.  We  sought 
to  shed  some  light  on  this  question  by  determining  the  relative  reactivities  of  Fmoc- 
amino  acid  derivatives  with  invariant  amino  components.  This  was  accomplished  by 
analysis  of  20  different  dipeptidyl  resins  which  had  been  reacted  with  an  equimolar 
mixture  of  Fmoc-amino  acids.  We  chore  PyBOP/HOBt/NMM  coupling  chemistry 
and  those  side-chain  protected  Fmoc-amino  acids  currently  favoured  in  our  laboratory 
(t-butyl  type  for  Asp,  Glu,  Ser,  Thr,  Tyr  and  Tip,  trityl  for  Asn,  Gin,  His  and  Cys, 
Pmc  for  Arg).  The  derivatives  of  Gly,  Fro,  Ser  and  Tyr  were  among  the  better 
"couplers"  whereas  those  of  His,  Arg,  Thr,  Val,  Be,  Leu  and  Lys  were  comparatively 
poorly  reactive. 

A  combination  of  preview  sequence  analysis,  use  of  predictive  methods  such  as 
that  of  Milton  et  al.  [5],  as  well  as  assessment  of  the  relative  reactivities  of  amino 
acid  derivatives  should  facilitate  long  and  difficult  solid-phase  peptide  syntheses. 

References 

1 .  Matsueda,  G.R.,  Haber,  G.  and  Margolies,  M.N. ,  Biochemistry,  20  (1981)  2371. 

2.  Kent,  S.B.H.,  Ann.  Rev.  Biochem.,  57  (1988)  957. 

3.  K others perger,  M.L.,  Blacher,  R„  Kelly,  P.,  Pierce,  L.  and  Hawke,  D.H.,  Am. 
Biotech.  Lab.,  7  (1989)  26. 

4.  van  Woerkom,  W.J.  and  van  Nispen,  J.W.,  Int  J.  Peptide  Protein  Res.,  38  (1991) 
103. 

5.  Milton,  R.C.  de  L.,  Milton,  S.C.F.  and  Adams,  P.A.  ,  J.  Am.  Chem.  Soc.,  112 
(1990)  6039. 

6.  Atherton,  E.,  Brown,  E.  and  Sheppard,  R.C.,  J.  Chem.  Soc.,  Chem.  Commun., 
(1981)  1151. 

7.  Small,  P.W.  and  Sherrington,  D.C.,  J.  Chem.  Soc.,  Chem.  Commun.,  (1989)  1589. 

8.  Fischer,  P.M.,  Retson,  K.V.,  Tyler,  M.I.  and  Howden,  M.E.H.,  Int.  J.  Peptide 
Protein  Res.,  40  (1992)  19. 


Optimization  of  real  time  coupling  efficiency 
determination  using  counterion  distribution 
monitoring 


C.  Van  Wandelen 

Millipore  Corporation,  34  Maple  Street,  Milford,  MA  01757,  U.SA 


Introduction 

The  use  of  quinoline  yellow  to  monitor  coupling  reactions  provides  real  time 
qualitative  kinetic  information  and  quantitation  of  the  percent  coupling.  This  type  of 
analysis  described  by  Young  [1]  is  commonly  known  as  counterion  distribution 
monitoring  (CDM).  As  the  coupling  goes  to  completion,  the  concentration  of  dye  in 
solution  increases.  When  die  dye  concentration  reaches  a  steady  state,  the  percent 
coupling  can  be  calculated.  The  9050Plus  Pepsynthesizer  is  uniquely  suited  to  use 
this  type  of  monitoring  due  to  its  continuous  flow  design,  and  integrated  UV/Vis 
detectors.  This  method  was  originally  described  using  a  kieselguhr  type  of  synthesis 
support.  The  following  paper  describes  the  use  of  PEG-PS,  polystyrene  &  glass,  and 
Polyhipe  with  CDM.  A  method  for  evaluating  the  performance  is  also  discussed. 

Resalts  and  Discussion 

A  study  was  performed  to  determine  the  linearity  of  detector  res  poise  with 
respect  to  dye  concentration,  and  to  ascertain  whether  any  non-specific  dye  interaction 
with  the  support  may  affect  data  interpretation.  The  results  (not  shown)  indicate  that 
there  is  a  linear  response  vs  dye  concentration  for  all  of  the  supports.  This  linearity 
indicates  that  any  non-specific  dye  interaction  is  not  concentration  related. 

The  shape  of  the  9050Plus  detector  readouts  are  a  direct  indication  of  coupling 
kinetics  (Figure  1).  Study  of  these  shapes  provides  the  peptide  chemist  with  a  unique 
perspective  on  identifying  troublesome  sequence  motifs.  In  order  to  determine  if  the 
various  supports  were  capable  of  exhibiting  good  dye  release  responses,  they  were 
subjected  to  a  known  slow  coupling.  The  results  (Figure  1)  indicate  that  all  of  die 
supports  respond  similarly  and  may  be  used  with  CDM.  Furthermore,  to  improve 
quantisation  accuracy,  a  two  point  calibration  protocol  was  designed  to  replace  die 
existing  one  point  calibration.  The  one  point  calibration  would  add  the  quinoline 
solution  to  the  support  when  all  the  N-termiai  were  blocked.  This  value  was  used  as 
the  100%  coupling  value  against  which  all  of  the  other  coupling  reactions  were 
measured.  In  addition  to  the  100%  value,  a  new  step  which  added  the  dye  solution  to 
the  support  when  completely  deblocked,  was  added.  This  two  point  calibration  yields 
a  formula  which  no  longer  assumes  the  detector  response  of  0.0  AU  for  zero  % 
coupling  (Figure  2).  This  calibration  also  improves  the  sensitivity  of  the 
quantitation  (%  coupling/AU). 

In  order  to  evaluate  the  performance  of  the  system,  the  sensitivity  (S)  of  the 
calibration  must  be  determined.  Since  the  non-linear  nature  of  the  calibration  allows 
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Kiesetguhr  Polyhipe  Polystyrene  PEG-PS 

&Glass 


Fig.  1.  Traces  A  A  B  are  representative  of  fast  and  slow  coupling  rates,  respectively,  as 
normally  seen  on  the  9050Plus  Pepsynthesizer.  Traces  C-F  are  from  the  lie  to  Asn 
coupling  of  the  acyl  carrier  protein  decanter  using  the  various  supports  indicated. 


Absorbance  vs  %  Coupling  For  Calibration  Range  #31  to  lil  AU 

too 

so 

60 

*  40 

20 
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Fig.  2.  Graph  of  the  %  coupling  using  die  two  point  calibration  equation  is  shown.  Also 
given  is  the  formula  to  determine  die  sensitivity  (S)  of  a  calibration  at  a  given  % 
coupling.  The  example  given  is  for  the  99.0 %  cotpling  where  accuracy  is  critical. 

sensitivity  to  decline  very  rapidly  below  90%,  these  parameters  must  be  examined 
carefully.  To  determine  the  sensitivity  of  a  calibration  at  any  given  absorbance  (% 
coupling)  the  formula  shown  in  Figure  2  is  used.  This  formula  can  be  used  to 
evaluate  the  sensitivity  of  a  one  point  calibration  by  using  a  value  of  0.0  AU  for  the 
CAL*,.  By  determining  the  sensitivity  of  a  given  calibration,  a  more  informed  choice 
can  be  made  about  where  to  set  the  minimum  acceptable  %  coupling.  All  of  the 
supports  tested  show  a  linear  response  to  dye  concentration,  the  expected  slow 
coupling  shape  during  actual  synthesis,  and  appear  to  be  suitable  for  use  with  CDM. 
Once  calibration  is  complete,  it  is  then  possible  to  evaluate  the  sensitivity  of  the 
system,  which  is  a  function  of  various  parameters,  including  type  of  support, 
concentration  of  dye,  type  of  calibration,  aad  maintenance  of  detector  optics. 
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«  coup***  -  100  ((Ob*  AU  -  0.31)  /  (0.51  -  0.31  ))J 

Where  4  a  %  bale  aad  100*  CAL  *0.3 1  and.  0*  CAL  »0.3I 


S  » (%  Couplinf  Chaafa  /  1.0AU)  ■  (4  •  Range)  /  (ob*  AU  -  CAL^ 
Where  CAL^  *  0%  Calibfuioo  and  4  •  %  Baae 

Example  Scaaitviij  for  aa  abaerved  AU  at  M79  (».*%couplint) 
S-(S.4*0.2)/(0.435-31)2  m  0.07%  coupling  per  0.001  AU 
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Introduction 

The  synthesis  of  highly  hindered  peptides  [1]  is  part  of  the  program  in  our 
laboratories  to  investigate  conformationally  constrained  molecules.  Hence,  a  cyclic 
hexapeptide  related  to  somatostatin  was  designed  with  the  sequence  c[(NMe)Aib-Phe'- 
D-Trp-Lys-Thr-Phe2].  The  synthesis  was  carried  out  by  standard  methods  in  solution. 
However,  during  the  final  stage  acidolytic  deprotection  reaction,  an  unusual  peptide 
bond  cleavage  was  observed  [2].  Analysis  of  this  reaction  has  been  carried  out  and 
indicates  susceptibility  of  the  (NMe)Aib-Phe1  amide  bond  to  nucleophilic  attack. 

Results  and  Discussion 

Simultaneous  acidolysis  of  /erf-butyl  ether  and  A^-Boc  protections  from  the 
compound  c[(NMe)Aib-Phe'-D-Trp-Lys(Boc>-Thr(tBu)-Phe2]  was  accomplished  with 
TFA,  in  the  presence  of  ethanedithiol  and  anisole  as  scavengers,  over  1  h  at  0°C  and 
2  h  at  25°C  [2],  Two  linear  products  were  isolated  from  the  reaction  mixture.  The 
proportion  of  the  two  products  was  42:58  as  determined  by  integration  from  RP 
HPLC. 

The  high  resolution  FAB  MS  of  one  product  from  the  deprotection  reaction 
reveals  a  molecular  weight  of  827.4441.  This  suggests  the  compound  is  a  linear 
product  of  a  peptide  hydrolysis  reaction.  From  1-D  proton  NMR  spectral  analysis, 
the  broad  singlet  at  11.93  ppm  attributed  to  a  carboxyl  group  supports  this 
identification.  Analysis  by  2-D  NMR  spectroscopy  indicated  that  Phe1  is  at  the  N- 
terminus  since  there  is  no  correlation  between  the  (NMe)Aib  resonances  and  the 
protons  of  the  Phe1  residue.  This  was  confirmed  by  N-terminal  amino  acid 
sequencing  which  clearly  demonstrated  the  presence  of  a  Phe  residue  followed  by  a 
Trp  residue. 

The  high-resolution  FAB  MS  for  the  other  product  reveals  a  molecular  weight 
of  903.4254.  We  determined  that  the  theoretical  molecular  weight  of  the  linear 
hexapeptide  thioester,  in  which  the  scavenger  ethanedithiol  acts  as  a  nucleophile  to 
cleave  a  peptide  bond,  is  903.4266.  This  value  is  in  excellent  agreement  with  the 
experimentally  determined  molecular  weight.  From  1-D  and  2-D  NMR  experiments, 
we  established  that  the  cleavage  occurs  between  the  (NMe)Aib  and  Phe1  residues  as 
was  observed  for  the  structure  arising  from  hydrolysis. 

In  the  1-D  'H-NMR  spectrum,  the  Phe1  NH  resonance  appears  broad  and 
integrates  for  more  than  a  single  proton  (Figure  1).  NMR  titration  studies  showed 
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that  under  increasingly  basic  conditions,  the  Phe1  NH  peak  broadened  to  the  point 
where  it  could  no  longer  be  observed.  This  behavior  is  similar  to  the  behavior  of  the 
Lys  ENH  amine  resonance  under  the  same  conditions.  These  results  also  support  a 
structure  where  the  Phe1  amine  is  N-terminal. 


Fig.  1.  The  lH  NMR  spectrum  of  H-Phe1  -D-Trp-Lys-Thr-Phe2-(NMe)Aib-S-CH2-CH  2-SH 
without  addition  of  N-methylmorpholine  (bottom),  with  approximately  2  equivalents  of 
N-methylmorpholine  (middle)  and  with  an  excess  of  N-methylmorpholine  (top). 


In  the  2-D  ROESY  spectra,  no  NOEs  were  observed  between  the  (NMe)Aib  and 
Phe1  residues  which  would  be  expected  for  a  cyclic  compound.  In  addition, 
resonances  that  could  be  attributed  to  the  methylenes  of  ethanedi thiol  were  resolved  in 
the  [}- region  of  the  2-D  TOCSY  spectra.  These  resonances  were  not  linked  to  any 
a-protons.  The  identification  of  the  linear  hexapeptide  thioester  was  thus  confirmed 
by  'H-NMR  spectroscopy. 

Finally,  we  characterized  the  two  linear  products  and  the  related  cyclic  analog 
c[Aib-Phe’-D-Trp-Lys-Thr-Phe2]  by  13C  1-D  and  heteronuclear  multiple  bond 
correlation  (HMBC)  [3]  NMR  experiments.  Assignment  of  the  amide  carbonyls 
reveals  a  downfield  shift  to  200.4  ppm  for  the  (NMe)Aib  thioester  containing  analog 
as  compared  with  shifts  of  174.6  ppm  for  the  linear  (NMe)Aib  compound  and 
174.0  ppm  for  the  cyclic  Aib  molecular  (Figure  2).  The  downfield  13C  carbonyl 
chemical  shift  of  the  thioester  was  compared  to  the  13C  1-D  spectrum  of  CH3-CH2- 
C(0)-S-CH3  [4],  which  also  shows  a  carbonyl  shift  of  200.3  ppm.  In  the  HMBC 
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treatment  of  the  peptides  with  anhydrous  TFA  at  37-60°C  over  10-20  h.  Our 
observations  indicate  that  the  presence  of  strain  caused  by  steric  bulk  and  cyciization 
increases  the  lability  of  the  (NMe)Aib-Phe1  peptide  bond,  such  that  cleavage  by 
sulfhydryl  nucleophilic  attack  or  hydrolysis  can  occur  undo-  mild  acidic  conditions. 
This  lability  may  arise  from  the  twisting  or  tilting  of  the  specific  (NMe)Aib-Phe1 
amide  bond. 
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spectrum,  no  correlation  was  observed  between  the  a-proton  of  Phe1  and  the  carbonyl 
of  (NMe)Aib.  The  crosspeaks  to  the  carbonyl  of  (NMe)Aib  arose  only  from  the 
^-methyls  and  the  N-methyl  of  the  (NMe)Aib  residue.  These  experimental 
observations  support  the  linear  structure  for  this  hexapeptide  derivative.  Therefore, 
one  of  the  products  from  the  TFA  deprotection  reaction  resulted  from  an  unexpected 
nucleophilic  attack  by  the  scavenger  ethanedi thiol  on  the  (NMe)Aib-Phe1  amide 
bond. 


208.0  200.0  192.0  184.0  176.0  168.0  160.0 


Fig.  2.  Carbonyl  region  of  (top)  H-Phe,-D-Trp-Lys-Thr-Phe2-(NMe)Aib-S-CH2-CHrSH, 
(middle)  H-Phe'  -D-Trp-Lys-Thr-Phe2-(NMe)Aib-OH,  and  (bottom)  clAib-Phe1  -D-Trp-Lys- 
Thr-Phe 2J.  The  ,3C-NMR  spectra  illustrate  the  downfield  shift  of  the  (NMe)Aib  carbonyl 
carbon  involved  in  a  thioester. 

Studies  by  Jung  [S]  and  Marshall  [6]  have  shown  that  peptides  which  are  rich  in 
Aib  sequences  are  sensitive  to  selective  trifluoroacetolysis  of  Aib-Xaa  bonds, 
especially  when  Xaa  is  proline.  However,  the  reactions  are  observed  only  after 
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Introduction 

We  have  been  interested  in  the  synthesis  of  structurally  unique  and  biologically 
intriguing  peptides  of  marine  origin  [1],  Since  many  of  these  marine  peptides  are 
usually  produced  in  minute  amounts  in  nature,  the  method  suitable  for  the  large  scale 
production  through  an  efficient  and  convenient  way  should  be  developed  to 
investigate  their  biological  profiles  in  detail.  We  recently  succeeded  in  the  synthesis 
of  nazumamide  A  (1),  a  potent  thrombin-inhibiting  linear  tetrapeptide,  isolated  from 
a  marine  sponge  Theonella  sp.  [2].  We  now  wish  to  report  an  efficient  synthesis  of 
geodiamolide  A  (2)  which  was  isolated  from  a  Caribbean  sponge  Geodia  sp.,  and  a 
sponge  Pseudaxinyssa  sp.  collected  in  Papua  New  Guinea. 


GaodtamolM*  A  (2) 

Geodiamolide  A  (2)  is  a  cyclic  depsipeptide  containing  the  peptide  and 
polypropionate  units.  The  other  geodiamolides  (B-F)  which  are  different  from  each 
other  in  the  peptide  portion  are  also  known  in  addition  to  jaspamide,  a  similar  cyclic 
depsipeptide  containing  the  same  polypropionate  portion  as  that  of  geodiamolides. 
The  combination  of  interesting  cytotoxic  and  antifungal  activities  with  their 
structural  aspects  has  made  these  cyclic  depsipeptides  an  attractive  target  for  total 
synthesis.  To  date,  several  syntheses  of  these  peptides  have  appeared  [3]  but  their 
efficiencies  are  not  excellent.  Now,  we  wish  to  report  an  efficient  synthesis  of 
geodiamolide  A  (2),  which  will  be  suitable  for  the  large  scale  production  and 
applicable  to  the  synthesis  of  the  other  geodiamolides  and  jaspamide. 

Resalts  and  Discussion 

The  key  steps  of  our  synthesis  are  (1)  the  asymmetric  alkylation  using  the 
Evans  chiral  oxazolidinone,  (2)  the  coupling  of  the  tripeptide  unit  with  the 
polypropionate  unit  by  the  Mitsunobu  reaction,  and  (3)  the  intramolecular  amide 
bond  formation  using  diphenylphosphorazidate  (DPP A,  (C6H50)2P(0)N3) 
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The  preparation  of  the  tripeptide  unit  (6)  was  achieved  from  the  C-terminal 
alanine  trichtoroethyl  ester.  Condensation  of  the  ester  with  O-tert-butyldimethylsilyl- 
N-tert-butoxycarbonyl-N-methyl-(R>tyrosine  (3)  was  carried  out  by  use  of  diethyl 
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phosphorocyanidate  (DEPC,  (QHsO^PfOJCN).  Selective  removal  of  the  Boc  group 
from  the  dipeptide  (4)  by  use  of  trimethylsilyl  trifluoromethanesulfonate  (TMSOTf), 
followed  by  the  coupling  with  Boc-(S)- alanine  using  bis(2-oxo-3-oxazolidinyl>- 
phosphinic  chloride  (BopCl)  afforded  the  tripeptide  (5),  which  was  iodinated  with 
iodine  and  mercuric  acetate  to  give  the  fully  protected  tripeptide  unit  from  which 
reductive  removal  of  the  trichloroethyl  ester  afforded  the  required  tripeptide  carboxylic 
acid  (6).  Each  step  efficiently  proceeded  in  more  than  80%  yield. 

The  synthesis  of  the  polypropionate  unit  (14)  started  from  commercially 
available  (2S,4S)-2,4-pentanediol  (7).  After  protection  of  one  of  the  hydroxyl 
functions  with  the  tert-butyldimethylsilyl  (TBS)  group,  the  resulting  mono-protected 
alcohol  was  converted  to  the  cyanide  (8)  through  the  tosylate.  Reduction  of  the 
cyanide  (8)  with  diisobutylaluminum  hydride  (DIBAL),  followed  by  the  Wittig 
homologation  preferentially  afforded  the  (E)-ester  (9),  which  was  reduced  with  DIBAL 
to  give  the  alcohol  (10).  Although  the  bromination  of  the  alcohol  (10)  failed, 
treatment  with  iodine  afforded  the  corresponding  iodide.  The  sodium  enolate  (11)  of 
the  oxazolidinone  derived  from  (R)-phenylalaninol  was  alkylated  with  the  iodide  to 
give  the  polypropionate  (12)  as  the  major  product  (94%  diastereomeric  excess). 
Removal  of  the  chiral  auxiliary  from  the  polypropionate  (12)  with  alkaline  hydrogen 
peroxide  afforded  the  carboxylic  acid,  which  was  converted  to  the  p- 
methoxyphenylmethyl  (MPM)  ester  (13).  After  removal  of  the  TBS  group  with 
tetra-n-butylammonium  fluoride  (TBAF),  the  hydroxyl  group  was  inverted  by  use  of 
the  Mitsunobu  reaction  to  give  the  required  polypropionate  unit  (14).  The  overall 
yield  for  the  preparation  of  the  polypropionate  unit  was  21%  in  12  steps. 

Construction  of  the  full  carbon  skeleton  of  geodiamolide  A  (2)  was  efficiently 
achieved  by  the  coupling  of  the  tripeptide  unit  (6)  with  the  polypropionate  one  (14) 
using  the  Mitsunobu  reaction.  Deprotection  of  the  N-  and  C-terminal  protective 
groups  from  the  MPM  ester  (15)  was  easily  achieved  with  trifluoroacetic  acid. 
Cyclization  of  the  linear  precursor  smoothly  proceeded  to  give  the  depsipeptide  by 
use  of  DPPA,  in  the  presence  of  sodium  hydrogen  carbonate.  Final  treatment  with 
TBAF  afforded  geodiamolide  A  (2)  in  an  overall  yield  of  34%  in  3  steps  from  the 
MPM  ester  (15). 

Thus,  we  could  complete  the  efficient  synthesis  of  geodiamolide  A  (2).  The 
overall  strategy  adopted  here  can  be  applied  to  the  synthesis  of  jaspamide  as  well  as 
the  other  geodiamolides. 
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Introduction 

The  synthesis  of  peptides  or  proteins  has  become  highly  efficient  with  the 
advances  of  the  solid-phase  peptide  synthesis  [1]  and  the  recombinant  technology. 
Solid-phase  peptide  synthesis  can  produce,  in  short  duration,  a  peptide  of  greater  than 
100  amino  acids.  The  recombinant  technology  with  an  optimal  expression  system 
can  produce  proteins  accurately  and  in  large  quantity.  Ideally,  a  chemical  ligation 
method  to  form  proteins  utilizing  the  efficiency  of  the  solid-phase  or  recombinant 
method  to  generate  specific  segments  would  be  desirable.  In  such  a  way,  proteins  can 
be  engineered  to  contain  unusual  structures  or  nongenetically  coded  amino  acids  by  a 
specific  ligation  method.  A  strong  impediment  in  this  approach  is  a  lack  of  an 
efficient  method  for  their  synthesis.  Recently,  we  have  developed  a  "domain  ligation 
strategy"  to  couple  selectively  two  unprotected  peptide  segments  to  form  an  amide 
bond  [2].  The  present  report  describes  the  basic  idea  behind  this  new  method  and  the 
verification  of  its  feasibility  using  simple  model  compounds  and  peptides. 

Results  and  Discussion 

The  general  concept  underlying  the  new  method  is  outlined  in  Figure  1 .  It 
consists  of  three  steps:  (1)  aldehyde  initiation,  (2)  ring  formation,  and  (3)  O.N-acyl 
rearrangement.  The  key  to  the  carboxyl  component  is  an  amino  acid  esterified  to  an 
a-hydroxyl  aldehyde  to  form  an  ester  a-aldehyde.  This  ester  aldehyde  masked  as  an 
acetal  is  coupled  to  the  carboxyl  terminal  of  an  unprotected  peptide  segment  by 
reverse  proteolysis.  Liberation  of  the  acetal  under  acidic  conditions  to  the  aldehyde 
would  allow  its  reaction  with  the  N-terminal  but  |J- functionalized  amino  acid  to  form 
either  thiazolidine  (e.g.  Cys)  or  oxazolidine  (e.g.  Thr).  The  net  result  is  that 
carboxyl  and  amino  components  are  brought  together  by  a  ring  formation  leading  to  a 
well  positioned  and  facile  intermolecular  0,N-acyl  rearrangement  to  form  the  desired 
amide  bond. 

Aldehydes  condense  with  amines  in  proteins  to  form  imines  that  are  unstable 
and  reversible  in  aqueous  solution  unless  a  ring  is  formed.  We  made  use  of  the 
reversibility  of  the  reaction  of  aldehydes  with  amines  and  the  stability  of  ring 
formation  with  ^-functionalized  amines  in  designing  our  strategy.  Reactions  of 
amino  acids  containing  the  ester-aldehyde  with  cysteine  derivatives  showed  that  the 
formation  of  the  cyclic  thiazolidine  derivatives  occurred  in  a  wide  pH  range.  To  avoid 
hydrolysis  of  the  ester  and  the  unwanted  side  reaction  of  aldehyde  with  other  amino 
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groups,  the  ring  formation  was  performed  at  pH  4  to  5.  Under  these  conditions  the 
thiazolidine  product  was  formed  immediately.  The  specificity  of  the  ring  formation 
was  studied  using  a  library  of  400  dipeptides  derived  from  the  combination  of  the  20 
genetically  coded  amino  acids.  We  found  the  ring  formation  to  be  specific  and 
limited  to  six  (i- functionalized  amino  acids  at  the  amino  terminus  of  400  dipeptides 
with  the  following  reactivity:  Cys  »>  Thr  »  Ser,  Trp,  His  »»  Asn.  Cys  and 
Thr  would  be  most  useful  under  the  normal  ligation  conditions  and  whose  ring 
products  can  be  reverted  to  their  amino  acids  while  Ser,  Trp  and  His  are  >  100  fold 
less  reactive  than  Cys  and  would  require  forcing  conditions  for  completion.  Asn  is 
generally  too  unreactive  and  will  require  further  development  for  its  use. 

The  O-  to  N-acyl  transfer  reaction  has  been  known  since  1923  and  is  a 
dominating  side  reaction  in  the  acidic  deprotection  step  of  peptide  synthesis  during 
which  the  acyl  moiety  of  the  peptide  migrates  from  the  a-amine  to  the  free  hydroxyl 
group  on  the  side  chain  of  a  serine  or  threonine  residue.  The  transfer  reaction  is 
reversible  upon  base  treatment,  involving  a  5-member  ring  oxazolidine-like  transition 
state.  We  proposed  a  similar  rearrangement  involving  a  5-member  ring  transition 
state  for  our  ester  to  amide  transformation  through  the  O-  to  N-acyl  transfer  reaction. 
We  found  that  O.N-acyl  transfer  reaction  through  a  larger  ring  transition  state  (e.g.  6- 
member  ring)  was  >30  fold  slower  than  the  5-member  ring.  Experimentally,  the 
0,N-acyl  transfer  reaction  in  our  strategy  was  a  continuation  step  of  the  ring- 
formation  and  mediated  through  pH  change.  In  thiazolidine,  the  ester  to  amide 
transformation  was  accomplished  between  pH  5-9  due  to  weakly  basic  amine  of  the 
thiazolidine.  Basic  pH  was  required  for  the  oxazolidine  derivatives.  The  O.N-acyl 
transfer  through  an  intermediate  size  ring  is  also  a  key  feature  in  the  Thiol  Capture 
strategy  of  Kemp  with  similar  objectives  as  our  work  [3], 

In  conclusion,  we  have  developed  a  chemical  ligation  method  for  coupling 
segments  of  peptides  to  form  a  peptide  bond  without  protecting  groups  and 
activation.  The  key  design  in  our  strategy  is  the  ester  linkage  containing  an  a-alkyl 
aldehyde  that  provides  the  absolute  selectivity  for  a  particular  N-terminal  amino  acid 
and  avoids  the  use  of  activation  by  a  coupling  reagent 
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Introduction 

Molecular  imprinting,  sometimes  referred  to  as  template  polymerization,  is  a 
technique  for  preparing  recognition  sites  of  predetermined  specificity  in  synthetic 
polymers  [1-3].  The  print  molecule,  also  called  template  molecule,  is  either  non- 
covalently  prearranged  to  functional  monomers  or  covalently  coupled  to  them.  After 
polymerization,  the  polymer  is  ground  and  sieved  to  particles  of  appropriate  size. 
The  print  molecule  is  removed  by  either  extraction  or  chemical  cleavage.  This 
results  in  a  polymer  with  specific  recognition  sites,  complementary  to  the  print 
molecule  in  positioning  of  the  functional  groups  and  in  shape.  Due  to  the  cognitive 
properties  of  the  polymer,  it  is  able  to  rebind  selectively  the  print  molecule  (Figure 
1). 

This  technique  has  proven  to  be  useful  in  preparation  of  chiral  stationary  phases 
for  HPLC,  since  the  polymers  are  selective  for  the  enantiomer  used  as  print 
molecule.  The  non-covalent  approach  of  molecular  imprinting  has  been  used  for 
preparation  of  polymers  selective  for  amino  acid  derivatives  [4-6]  and  pharmaceuticals 

[7] - 

Results  and  Discussion 

Molecularly  imprinted  polymers,  selective  for  various  amino  acid  derivatives 
and  peptides,  were  prepared  by  using  functional  monomers  such  as  methacrylic  acid 

[8]  and  4-vinylpyridine  [9].  The  polymers  were  used  as  stationary  phases  and 
evaluated  by  HPLC. 

Dissociation  constants  and  number  of  binding  sites  were  determined  by  frontal 
chromatography  of  a  Boc-L-Phe-OH- imprinted  polymer.  The  dissociation  constants 
for  Boc-L-Phe-OH  and  Boc-D-Phe-OH  were  determined  to  be  6.3  mM  and  8.1  mM, 
respectively,  which  means  that  the  polymer  has  higher  affinity  for  the  L -enantiomer 
than  for  the  D-enantiomer.  The  polymer  was  shown  to  contain  an  equal  number  of 
sites  for  each  enantiomer  (28  pmol/g  dry  polymer)  [8]. 

The  ligand  selectivity  of  this  type  of  polymer  was  shown  to  be  high.  Despite 
the  small  difference  between  Cbz-aspartic  acid  and  Cbz-glutamic  acid,  the  polymer  is 
able  to  discriminate  between  these  molecules.  A  polymer  imprinted  against  Cbz-L- 
Asp-OH  resolved  Cbz-D,L-Asp-OH  but  not  Cbz-D,L-Glu-OH,  and  vice  versa  when 
Cbz-L-Glu-OH  was  used  as  print  molecule  [9]. 
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To  obtain  a  stereospecific  recognition,  a  three-point  interaction  is  necessary 
[10].  In  the  case  of  a  Cbz-L-phenylalanine-imprinted  polymer  prepared  with 
methacrylic  acid  as  functional  monomer,  it  is  believed  that  the  carboxy-functions  of 
the  polymer  interact  via  hydrogen  bonds  with  the  carboxy-  and  carbamate-functions  of 
the  print  molecule. 


Fig-  I.  Schematic  representation  of  the  concept  of  molecular  imprinting.  Functional 
monomers  are  mixed  with  the  print  molecule.  The  print  molecule  and  the  monomers 
prearrange  and  form  a  solution  adduct.  Crosslinker  is  added  and  the  polymerization  is 
initiated.  A  rigid  bulk  polymer  is  formed.  The  functional  groups  of  the  polymer  interact 
with  the  junctional  groups  of  the  print  molecule.  The  print  molecule  is  extracted  from  the 
polymer,  leaving  specific  recognition  sites,  complementary  to  the  print  molecule  in 
positioning  of  the  functional  groups  and  in  shape. 

However,  this  gives  only  two  interaction  points.  Separation  of  Boc-D,L-Phe- 
OH,  Fmoc-D,L-Phe-OH  and  Cbz-D,L-Ala-OH  on  this  polymer  resulted  in  lower 
separation  factors  than  for  the  separation  of  Cbz-DX-Pbe-OH.  This  implies  that 
both  the  N-protecting  group  and  die  amino  acid  side  chain  are  recognized  by  the 
polymer.  Separation  of  Boc-D,L-Phe-p~nitroanilide  and  Boc-D,L-Phe-Gly-OEt  on  a 
polymer  imprinted  against  Boc-L-Phe- anilide  resulted  in  lower  separation  factors  than 
that  obtained  for  the  separation  of  the  racemate  of  the  print  molecule.  This  implies 
that  also  the  C-protecting  group  is  recognized  by  the  polymer. 

Recently,  successful  attempts  to  improve  the  separation  and  resolution  factors 
of  molecularly  imprinted  polymers  have  been  performed.  For  example,  Cbz-L-Ala-L- 
Ala-OMe  and  Cbz-D- Ala-EX- Ala-OMc  were  resolved  on  a  Cbz-L-Ala-L-Ala-OMe- 
imprinted  polymer  with  a  separation  factor  of  3.19  and  a  resolution  factor  of  4.50 
(Figure  2). 

We  believe  that  these  cognitive  polymers  are  promising  alternatives  to 
conventional  chiral  stationary  phases,  since  they  are  inexpensive,  easy  to  prepare  and 
possess  excellent  chemical  and  physical  stability. 

Molecular  imprinting  offers  a  way  of  preparing  recognition  sites  of 
predetermined  specificity  in  synthetic  polymers.  Functional  monomers  are 
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polymerized  is  presence  of  a  print  molecule,  which  is  subsequently  extracted  from  the 
polymer,  leaving  recognition  sites  complementary  to  the  print  molecule.  The 
polymers  possess  high  ligand-  and  enantioselectivity. 


Cbz-D-Ala-D-Ala-OMe 


time  (min) 


Fig.  2.  Separation  of  a  mixture  of  0.1  mg  Cbz-L-Ala-L-Ala-OMe  and  Cbz-D-Ala-D-Ala- 
OMe  on  a  Cbz-L-Ala-L-Ala-OMe-imprinted  polymer.  Column  size:  250  mm  x  5  mm. 
Eluent  A:  Chloroform/acetic  acid  99.75/0.25.  Eluent  B:  Chloroform/acetic  acid  8/2. 
Gradient:  0-10  min.  0 %  B;  10-18  min,  0-5%  B;  18-22  min.  5%  B,  22-24  min,  5-0 %  B. 
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Introduction 

Many  fundamental  techniques  in  the  biosciences  are  limited  by  the  minimum 
amount  of  product  that  can  be  detected.  In  conventional  peptide  sequencing  by  Edman 
degradation,  for  example,  detection  limits  for  phenylthiohydantoin  (PTH)  amino  acids 
are  in  the  low  picomole  range;  at  least  one  picomole  of  peptide  is  normally  required 
for  sequence  analysis.  We  have  recently  demonstrated  sub-femtomole  detection  limits 
for  PTH  amino  acids  using  laser-based  photothermal  absorbance  dete  [1].  Fast, 
efficient  separation  is  achieved  by  micellar  capillary  electrophoresis  vCE);  analysis 
times  are  less  than  fifteen  minutes  for  a  standard  sample  containing  nineteen  PTH 
amino  acids.  Compared  with  traditional  HPLC  methods,  CE/laser-based  PTH 
analysis  provides  a  potential  1000-fold  improvement  in  sequencing  sensitivity. 
Direct  interface  of  CE  with  commercially  available  gas-liquid  phase  sequencers  is, 
however,  not  feasible  because  nanolitre-sized  samples  are  required  for  CE/laser-based 
analysis.  We  have  designed,  instead,  a  miniature  gas-phase  peptide  sequencer  similar 
in  operation  to  the  ABI  470A  Sequencer  [2].  The  volume  requirements  for 
phenylisothiocyanate  (PFFC)  degradation  in  the  miniaturized  sequencer  match  those 
for  the  CE  system.  This  instrumentation  will  prove  useful  for  sequencing  peptides 
and  proteins  that  can  only  be  isolated  and  purified  in  trace  quantities. 

Results  and  Discussion 

The  highly  miniaturize'4  peptide  sequencer  consists  of  three  parts:  a  small- 
volume  reaction  chamber,  in  which  PITC  degradation  chemistry  is  performed,  a 
small-volume  conversion  chamber,  in  which  anilinothiazolinone  (ATZ)  amino  acids 
are  converted  to  .the  more  stable  phenylthiohydantoin  (PTH)  form,  and  a  CE 
separation  column.  Figure  1  is  a  schematic  of  the  miniaturized  sequencer.  Reagents 
and  solvents  are  delivered  via  capillary  tubes  to  an  electrically  actuated  multiposition 
distribution  valve  (VI).  The  reaction  chamber  volume  (0.2  mL)  is  defined  by  the 
area  of  Polybrene-treated  glass  fibre  filter  onto  which  the  peptide  is  immobilized,  and 
by  the  length  of  tubing  heated  by  thermoelectric  modules.  Coupling  of  PITC  to  the 
peptide  and  cleavage  of  the  N-terminal  residue  are  performed  in  the  reaction  chamber. 
Cleaved  ATZ  amino  acid  is  extracted  to  the  conversion  chamber  which  is  defined  by 
the  tubing  volume  between  the  thermoelectric  modules  (20  nL)  and  is  also  part  of  the 
separation  column.  After  conversion,  the  entire  amount  of  PTH  amino  acid  is 
directly  analysed  from  the  conversion  chamber.  Electrophoresis  proceeds  from 
pneumatically  actuated  valve  V2  to  valve  V3  with  on-column  laser-based  detection  of 
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the  cleaved  residue  just  before  V3.  Details  of  the  detection  scheme  have  been 
previously  described  [1]. 


Fig.  1.  Miniaturized  peptide  sequencer,  Rl:  3%  PITC  in  heptane,  R2:  I2.5°h 
trimethylamine,  R3:  anhydrous  TFA,  R4:  25 %  TFA,  SI:  ethyl  acetate,  S2:  benzene,  S3: 
separation  buffer,  V1-V3:  multiposition  distribution  valves,  ><:  thermoelectric  modules 
for  rapid  heating/cooling.  Reaction  chamber  (40  x  0.4  mm  ID),  conversion  chamber  (120 
x  0.075  mm  ID)  and  separation  column  (500  x  0.050  mm  ID)  are  fused  silica  capillaries. 
Vacuum  (vac)  is  used  to  aid  in  solvent  removal.  The  HV  (high  voltage)  power  supply  is 
operated  at  10  to  15  kV  to  drive  electrophoresis.  Data  are  recorded  directly  on  a  personal 
computer. 

Development  of  the  miniature  peptide  sequencer  has  proceeded  in  five  stages: 

1.  The  electrophoretic  separation  was  optimized  to  provide  baseline  resolution 
of  19  PTH  amino  acids  plus  two  degradation  by-products,  DPTU  (N,N’~ 
Diphenylthiourea)  and  DMPTU  ( 1  -Dimethyl- 3-phenyl-2-thiourea)  (Figure  2A).  A 
simple  program  was  written  to  normalize  analyte  retention  times  relative  to  DPTU 
resulting  in  less  than  1%  relative  standard  deviation  in  retention  time  for  peak 
identification. 

2.  The  CE/laser-based  detection  system  was  tested  with  residues  obtained  from 
both  manually  and  commercially  sequenced  peptides  [3].  Some  residues  from  the 
ABI  470A  and  ABI  477A  instruments  were  difficult  to  identify  because 
concentrations  were  near  the  detection  limit.  Only  1  to  2  nL  of  1000  nL  sample 
(e.g.,  0.1%)  could  be  injected  into  the  CE  system.  This  is  in  contrast  to  HPLC 
analysis  where  50%  of  the  sample  is  injected  for  analysis. 

3.  Electrophoresis  through  pneumatically  actuated  multiposition  valves  and 
through  a  "T"  connector  were  optimized.  Several  types  of  zero-dead- volume  fittings 
produced  band  broadening  in  the  separation  so  we  decided  to  design  our  own  miniature 
T  fitting. 

4.  The  coupling  and  cleavage  steps  of  PITC  degradation  were  performed  in  the 
miniaturized  sequencer  reaction  chamber  with  ATZ  residues  extracted  into  micro-tubes 
and  manually  converted  to  the  PTH  form.  Sample  was  then  manually  injected  into 
the  CE  system.  Figure  2B  shows  the  results  of  the  first  cycle  of  PITC  degradation  of 
50  pmol  of  bovine  insulin  chain  B.  Compared  to  traditional  HPLC  analysis  of 
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degradation  products,  die  elec  trap  herogram  in  Figure  2B  is  very  dean  and  represents 
only  0.1%  of  the  total  residue  cleaved  from  the  pepdde.  We  are  currently  optimizing 
the  instrument  to  extend  the  number  of  degradation  cycles. 

5.  The  conversion  of  ATZ  to  PTH  is  performed  in  the  miniaturized  sequencer 
conversion  chamber  and  product  is  immediately  analysed  by  CE  with  laser-based 
detection.  This  last  step  has  not  yet  been  optimized. 


Fig.  2.  Panel  A  shows  the  CE  separation  at  250  V/cm  of  19  PTH  amino  acids  (labeled  by 
their  single  letter  codes),  DMPTU  and  DPTU.  Separation  buffer:  25 mM  SDS,  10.7 mM 
sodium  phosphate  and  1.8  mM  sodium  tetraborate,  pH  6.7.  Panel  B  shows  the  result  of 
one  degradation  cycle  of  50pmol  insulin  chain  B  (see  text).  Only  1  nL  of  solution  was 
injected-the  analyte  peak  represents  50  fmol  of  PTH-Phe  (F). 

Careful  adjustment  of  the  delivery  times  for  reagents/solvents,  the  temperatures 
for  coupling/cleavage/conversion,  and  the  conditions  for  electrophoresis  from  the 
conversion  chamber  will  provide  equivalent  or  better  cycle  performance  to 
commercial  sequencing  instruments,  but  on  femtomole-sized  peptide  samples.  Given 
the  low  volume  requirements  of  the  miniaturized  sequencer,  we  predict  cycle  times  of 
20-30  minutes,  including  residue  identification.  We  have  recently  separated  seventeen 
fluorescein  thiohydantoin  (FTH)  amino  acids  by  CE  with  laser-induced  fluorescence 
(LIF)  detection  [4].  Detection  limits  are  on  the  order  of  10-21  mol.  Incorporation  of 
double  coupling  with  Pl’lC/PlTC  and  analysis  by  CE/LIF  detection  will  provide 
sequence  information  on  attomole  peptide  samples. 
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Introduction 

There  have  been  many  attempts  to  separate  the  H 1  -histones  from  calf  thymus 
into  their  subtypes  using  reversed  phase  chromatography  (RPC)  [1].  So  far  none  of 
the  reported  homogeneous  fractions  obtained  by  chromatography  or  capillary 
electrophoresis  (CE)  has  been  unambiguously  identified  in  terms  of  molecular  mass 
and  amino  acid  sequence.  Here  we  introduce  a  combination  of  RPC  and  hydrophilic 
interaction  chromatography  (HILIC)  to  separate  the  subtypes  of  histone  HI.  Starting 
with  material  prepared  according  to  Pehrson  and  Cole  [21  different  acetonitrile/water 
(0.1%  trifluoroacetic  acid  (TFA))  gradients  and  flow  rates  were  optimized  for  the 
repetitive  RP-columns:  Nucleosil  100 A  C18  5pm,  Eurosil  Bioselect  200A  C18 
10pm,  Compax  300A  C4  5pm,  Nucleosil  120 A  08  3pm,  all  250  mm  x  4  mm  ID 
and  a  polymer  column  PRP  Eurogel  250A  5pm  120  mm  x  4  mm,  to  get  the  best 
resolution  of  the  HI  subtypes  from  calf  thymus.  HILIC  is  a  mixed-mode  hydrophilic 
and  ionic  interaction  chromatography  developed  by  Alpert  [3].  We  used  a  sodium 
perchlorate  gradient  with  80%  acetonitrile/0. 025%  TFA  on  a  strong  cation-exchange 
column  (TSK  SP  5  PW).  The  collected  fractions  from  HILIC  were  then  used  as 
samples  for  the  RPC,  where  they  were  characterised  by  their  retention  times,  desalted 
and  separated  further  in  one  step.  The  purified  subtypes  were  characterised  by  SDS- 
PAGE,  ion-spray  mass  spectrometry  (ion-spray  MS)  and  matrix-assisted  laser 
desorption/ionization  mass  spectrometry  (MALDI-MS). 

Results  and  Discussion 

All  tested  C18  columns  and  the  polymer  column  yielded  two  fractions  with  the 
following  pattern  in  SDS  PAGE:  the  first  fraction  resulted  in  the  upper  band  and  the 
second  fraction  in  double  bands,  typically  for  histone  HI  from  most  species.  The 
best  results  were  obtained  with  a  gradient  of  0.2%  acetonitrile/min  and  lml/min. 
With  shallower  gradients  or  lower  flow  rates  the  fractions  were  broader  without  better 
resolution.  In  agreement  with  theory  the  tailing  for  the  very  basic  histones  was 
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lowo-  using  the  polymer  column.  Dividing  the  second  peak  in  two  fractions,  namely 
the  ascending  and  the  descending  part,  the  ascending  yields  the  upper  and  the 
descending  part  the  lower  band.  With  the  C4  phase  we  obtained  two  not  baseline- 
separated  peaks  with  similar  electrophoretic  behavior  as  the  material  from  other  RP- 
columns.  But  in  contrast  to  the  Cl  8-columns  the  high  mobility  group  (HMG) 
proteins  and  the  core  histones  were  not  well  separated  from  the  HI  histones. 
Therefore  we  chose  Nucleosil  100 A  C18  5pm  for  the  subtype  separation  as  second 
step  after  HILIC.  The  RP-fraction  between  the  two  HI  fractions  is  ubiquitin 
characterised  by  SDS-PAGE,  ion-spray  MS,  MALDI  MS  and  protein  sequencing. 
With  HILIC  we  obtained  three  histone  HI  fractions  and  all  of  them  showed  either  the 
upper  or  lower  single  band  in  SDS-PAGE.  One  of  these  HILIC  fractions  could  be 
separated  into  two  peaks  by  RPC.  As  a  result  we  obtained  at  last  four  histone  HI 
fractions  by  this  chromatographic  combination.  The  first  histone  fraction  obtained 
by  RPC  showed  at  least  four  subtypes  with  ion-spray  MS  and  MALDI  MS  with 
molecular  weights  between  22500  and  22950  D.  The  signals  for  the  second  fraction 
from  RPC  were  so  complex  in  ion-spray  MS  that  they  could  not  be  evaluated.  The 
evaluation  from  the  MALDI  MS  revealed  at  least  five  subtypes  with  molecular 
weights  between  21150  and  22300  D.  After  RPC  fraction  3  from  HILIC  resulted  in 
one  pure  subtype  with  the  molecular  weight  of  21365  ±  2.4  D  as  determined  by  ion- 
spray  MS. 

The  above  described  two-dimensional  chromatography  makes  it  possible  to 
obtain  four  fractions  from  histone  HI  from  calf  thymus  including  one  pure  subtype. 
With  an  additional  chromatographic  step  (IEC)  it  should  be  possible  to  achieve 
further  separation.  Mass  spectrometry  has  proven  to  be  an  indispensable  tool  for 
assessing  the  homogeneity  of  obtained  chromatographic  fractions  and  determining  the 
molar  masses  of  their  constituents. 
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Introduction 

Recombinant  proteins  are  often  biosynthesized  in  mammalian  cells  to  effect 
necessary  post-translational  modifications.  The  most  commonly  required  reactions 
include  disulfide  linkages  to  aid  in  proper  folding  and  glycosylation  at  asparagine 
and/or  serine/threonine  residues.  However,  vigilance  must  still  be  exerted  to  insure 
that  the  secreted  protein  contains  the  proper  amino- terminal  amino  acid  confirming 
that  no  nonspecific  processing  by  proteases  has  occurred.  In  recent  studies,  an 
unexpected  post-translational  amino-terminal  serine  to  glycine  conversion  has  been 
observed  in  human  recombinant  nerve  growth  factor  isolated  from  Chinese  hamster 
ovary  (CHO)  cells.  Utilization  of  the  technique  of  electrospray  mass  spectrometry 
was  crucial  to  the  detection  and  identification  of  this  variant. 

Results  and  Discussion 

Recombinant  human  nerve  growth  factor  is  a  dimer  secreted  from  CHO  cells 
with  its  six  cysteine  residues  correctly  linked  to  form  three  disulfide  bridges.  Care 
was  taken  to  closely  examine  the  integrity  of  both  the  amino  and  carboxyl  termini 
since  it  has  been  reported  that  the  120-residue  monomer  can  be  reduced  by  limited 
enzymatic  digests  to  1 18  or  1 17  residues  [1].  Electrospray  mass  spectrometry  was 
instrumental  in  corroborating  these  cleavages  as  proposed  from  amino  acid 
composition  data.  Hence,  a  careful  analysis  of  an  electrospray  mass  spectrum  was 
conducted.  A  species  with  a  mass  of  30  units  less  than  expected  was  observed 
(Figure  1).  This  difference  is  consistent  with  a  serine  to  glycine  conversion. 
Sequence  analysis  suggested  that  this  modification  occurred  at  the  amino-terminal 
serine.  A  mass  spectral  analysis  of  the  amino-terminal  peptides  released  by  trypsin 
digestion  and  isolated  using  reversed-phase  chromatography  revealed  the  presence  of 
two  species  of  masses  1068.1  and  1038.1  corresponding  to  SSSHPIFHR  and 
GSSHPIFHR,  respectively,  in  approximately  a  4: 1  ratio.  A  tandem  mass  spectral 
analysis  of  die  two  parent  ions  located  the  amino-terminal  residue  as  the  site  of  the 
conversion. 

A  chemically  synthesized  amino-terminal  peptide  SSSHPIFHR  was  covalently 
attached  to  polystyrene  beads  and  incubated  for  7  days  at  37°C  with  the  supernatant 
fluid  from  a  CHO  cell  culture.  An  increase  in  glycine  and  a  decrease  in  serine  in  the 
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first  cycle  of  a  sequence  analysis  was  observed  in  comparison  to  an  unincubated 
sample  indicating  a  probable  post-translational  mechanism.  This  observation  is 
consistent  with  the  involvement  of  the  enzyme  serine  hydroxymethyltransferase  [2]. 
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Fig.  1.  Electrospray  mass  spectrum  of  a  recombinant  nerve  growth  factor  preparation. 
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Introduction 

An  understanding  of  the  key  parameters  -  resolution,  speed  and  capacity  - 
affecting  reversed-phase  (RP)  purification  is  essential  in  order  to  design  an  optimum 
purification  process.  Such  understanding  is  even  more  important  to  the  preparative 
purifier  as  the  preparative  purifier  might  not  have  the  resources  to  use  high  pressure, 
high  theoretical  plate  count  media  and  must  rely  on  choosing  the  optimum  medium 
pressure  packing. 

This  study  uses  frontal  chromatography  with  a  series  of  molecules  of  different 
molecular  weight  to  assist  optimization.  The  frontal  loading  runs  provide  data 
directly  useful  for  choosing  sample  loading  conditions  and  since  frontal  performance 
is  related  to  “effective”  pore  size,  allows  the  selection  of  the  optimum  pore  size  resin 
for  purification.  The  experimental  results  are  summarized  in  a  grid  (Figure  1)  that 
facilitates  the  choice  of  the  optimum  resin  for  the  purification  of  a  given  sized 
molecule.  Values  of  key  purification  parameters  -  flow  rate,  maximum  capacity  and 
pressure  drop  -  are  given  for  each  resin  in  the  grid. 

Resalts  and  Discussion 

For  a  small  molecule  like  cephalosporin  C  (41S  D)  kinetic  capacity  to  1% 
leakage  is  independent  of  flow  rate  and  average  pore  diameter  (APD)  and  proportional 
to  surface  area.  For  the  larger  glycopeptide  antibiotic  vancomycin  (1449  D),  the  ISO 
A  APD  resin  is  seen  to  have  pore  diffusion  limitations.  With  molecules  the  size  of 
insulin  (S700  D)  and  BSA  (66,000  D)  fast  chromatography  is  possible  with  the  1000 
A  resin,  for  high  capacity  the  300  A  resin  must  be  operated  below  about  ISO  cm/hr. 
For  BSA  and  insulin  sized  molecules  the  ISO  A  resin  offers  the  potential  for  the 
removal  of  small  molecular  impurities.  Above  200  cm/hr  large  molecules  will  pass 
through  the  column  unbound  while  considerable  capacity  remains  for  low  molecular 
weight  impurities  (Figure  2). 
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Fig.  1.  Resin  performance  grid:  The  grid  lists  the  resin  physical  properties  of  the  resins 
studied  along  with  column  capacities  and  recommended  values  of  key  purification 
parameters. 


Cephalosporin  C  Vancomycin 


Fig.  2.  Capacity  of  1%  leakage  as  a  function  of  linear  velocity:  The  effect  of  loading 
velocity  on  the  adsorption  capacity  at  1%  breakthrough  of  a  series  of  molecules  of 
different  sizes  is  shown.  The  capacity  at  100 %  breakthrough  (dynamic  saturation 
capacity.  Figure  l )  is  the  same  at  all  velocities.  The  influent  concentration  was  5  mg/cc 
(10  mg/cc  for  cephalosporin  C;);  influent  pH  was  2-3. 
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Fig.  i.  Effect  of  particle  size  on  the  resolution  of  the  Alberta  peptide  mixture :  The 
resolution  of  an  8  pm  silica  base  and  a  35  pm  styrenic  resin. 

The  Alberta  peptide  mixture  is  well  resolved  on  a  378  plate  column  of  35  pm 
resin  particles  (Figure  3).  Although  a  shallower  gradient  is  used  than  with  the  8  pm 
column,  this  shows  that  well  packed  columns  of  medium  pressure  media  can  resolve 
chemically  similar  molecules. 
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Introduction 

The  -IppBecade  has  seen  a  revolution  in  purification  techniques  for  many 
peptides  mRproteins,  both  in  the  laboratory  and  in  an  industrial  setting.  High 
Performance  Liquid  Chromatography  (HPLC),  for  example,  has  moved  from  being 
regarded  as  an  expensive,  primarily  analytical  tool  to  a  position  where  it  is  being 
used  more  and  more  as  a  purification  methodology.  The  reasons  for  this  include  the 
greatly  improved  understanding  of  the  fundamentals  of  preparative  HPLC  as  well  as 
the  increased  need  for  purification  techniques  capable  of  meeting  the  stringent 
regulatory  requirements  for  recombinant  products.  The  situation  today  is  that  HPLC 
is  recognized  as  having  a  major  part  to  play  in  purification;  it  is  highly  cost-effective 
in  that  it  is  able  to  replace  multiple  steps  in  conventional  purification  processes,  thus 
eliminating  handling,  labour  costs  etc.,  and  it  is  also  able  to  perform  purifications 
which  cannot  be  carried  out  by  any  other  process.  One  of  the  major  problems  in 
designing  preparative  HPLC  methodologies  is  that  of  optimization.  It  is  not  always 
clear  exactly  how  best  to  optimize  in  any  given  situation,  nor  are  there  good 
guidelines  as  to  the  influence  of  the  operating  parameters  on  the  optimum  separation. 
This  paper  addresses  some  of  the  issues  relevant  to  these  questions. 

Separations  on  a  large  scale  must  be  carried  out  under  optimized  conditions  in 
order  to  be  most  effective.  The  question  of  optimization  has  been  addressed  in  a 
number  of  publications,  most  of  which  result  in  the  optimization  of  production  rate  - 
i.e.  to  maximize  the  quantity  of  product  produced  in  unit  time  from  a  given  piece  of 
equipment.  In  production  liquid  chromatography,  the  most  important  parameter  is 
not  the  production  rate,  but  is  the  cost  of  the  process.  The  optimal  conditions  for 
cost  minimization  are  not  necessarily  those  which  give  the  maximum  production 
rate.  In  order  to  begin  to  assess  how  the  optimization  of  peptide  separations  may  be 
approached,  computer  simulations  based  upon  the  separation  of  bovine  and  porcine 
insulins  were  carried  out. 

Experimental.  The  calculations  were  performed  assuming  a  total  annual 
production  of  10  metric  tonnes  of  a  peptide  starting  at  a  95%  pure  product,  arriving  at 
a  material  of  99.5%  purity.  The  development  of  competitive  adsorption  isotherms  is 
the  most  difficult  part  of  simulation  of  separations.  This  is  especially  true  for 
peptide  and  protein  solutes  since  the  measurement  of  even  the  single  solute  isotherms 
is  fraught  with  difficulty.  This  problem  was  met  by  finding  parameters  for  isotherms 
‘•ased  upon  the  Ideal  Adsorbed  Solution  theory  which  allowed  computer  simulations 
'hat  resulted  in  predictions  which  matched  the  observed  behaviour  of  the  insulins 
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studied.  The  mobile  phase  was  a  gradient  of  27  to  31%  acetonitrile  in  10  column 
volumes.  Log  k’  and  S  values  were  taken  to  be  those  previously  determined  for  the 
insulins  (5.31  and  14.9  for  “peptide  1”  and  5.48  and  15.2  for  “peptide  2”).  Saturation 
capacities  of  30  and  45  respectively  were  employed  in  the  calculations.  The  diffusion 
coefficient  for  the  peptides  was  taken  to  be  2. 1 0" 1 1  and  the  Knox  equation  coefficients 
A,  B  and  C  were  1,2  and  0.1  respectively.  Operation  at  20  bar  pressure  was  assumed. 
Calculations  were  made  using  proprietary  Prochrom  software  using  a  66  MHz  80486- 
based  personal  computer. 

The  costs  of  solvent  were  taken  to  be  $5/1  for  acetonitrile  and  $0.1/1  for  the 
cost  of  recovered  acetonitrile.  Packing  materials  were  estimated  to  be  $6000/kg  for 
10pm  packings  and  $3500/kg  for  15pm  material.  Labour  cost  was  set  at  $30/hour 
and  a  total  of  7000  working  hours  were  assumed  for  the  production.  Equipment  costs 
were  for  Prochrom  Industrial  Scale  HPLC  systems  of  appropriate  size  (from  20  to 
100  cm  id  columns)  and  were  amortized  over  a  10  year  period.  The  cost  of  crude 
product  was  either  $100,  $1000  or  $5000/kg. 

Results  and  Discussion 

Figure  1  shows  the  results  of  cost  calculations  for  a  column  33  cm  in  length 
packed  with  10pm  particles  for  three  different  values  of  crude  cost.  The  cost  of  the 
process  in  terms  of  cost  per  kilo  of  purified  product  is  plotted  against  the  recovery  of 
the  product.  Since  the  required  annual  production  is  fixed,  the  recovery  is  changed  by 
adjusting  the  loading  in  the  column  by  changing  the  diameter.  This  in  turn  changes 
the  quantity  of  solvent  and  packing  material  used  in  the  process.  The  cost  of  the  loss 
of  the  crude  material  is  balanced  against  the  cost  required  to  achieve  a  given  recovery. 
The  optimum  for  the  low  cost  products  occurs  at  recoveries  considerably  below  90%. 


Fig.  1.  Plot  of  product  cost  vs  recovery  at  crude  costs  of  $  100/kg  (crosses),  $l000/kg 
( circles )  and  $5000/kg  (triangles). 

Optimum  production  rates  are  found  at  recoveries  of  60  to  70%,  and  the  minimum 
cost  in  this  instance  is  likely  to  be  somewhere  between  this  value  and  around  80%. 
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Since  the  curve  is  very  flat,  the  optimum  is  broad  and  the  actual  value  chosen  does 
not  matter  greatly.  This  means  that  the  separation  can  be  fitted  into  existing 
equipment  and  custom  units  are  not  required.  As  the  crude  cost  is  increased  (the  open 
circles  correspond  to  $ 1000/kg,  the  triangles  to  $5000/kg),  the  optimum  cost  is 
found  at  higher  values  of  recovery.  Very  expensive  crudes  force  the  separation 
conditions  to  very  high  recoveries.  This  results  in  expensive  processes  since  large, 
lightly  loaded  columns  are  used.  The  efficiency  required  for  the  columns  is  a  function 
of  the  cost  of  the  crude  material. 


Fig.  2.  Plot  of  product  cost  vs  column  efficiency.  Legend  as  Fig.  1. 

Figure  2  shows  a  plot  of  product  cost  against  column  efficiency  for  the  three 
crude  cost  levels.  At  low  crude  cost,  the  column  efficiency  is  very  low,  at  around 
400  plates.  (Note  that  the  efficiencies  are  low  despite  the  use  of  10pm  particles 
because  the  high  intrinsic  efficiency  of  the  column  is  traded  for  the  speed  of 
separation).  Higher  crude  costs,  which  result  in  the  need  for  higher  recoveries,  also 
demand  higher  column  efficiencies.  Again,  the  optima  are  relatively  broad.  The 
simulations  were  carried  out  for  packing  materials  of  both  10  and  15  pm.  In  all 
cases,  for  this  separation,  the  cost  of  the  product  resulting  from  the  10  pm  packing 
was  less  than  thru  from  the  15  pm  material.  This  is  not  a  general  conclusion  for 
preparative  chromatography,  but  may  be  specially  relevant  to  peptide  and  protein 
separations  due  to  the  extremely  low  diffusion  coefficients  observed. 

The  computer  optimization  of  preparative  peptide  separations  results  in  a 
number  of  observations.  The  cost  of  the  separation  process  is  strongly  dependent 
upon  the  cost  of  the  crude  material.  Low  cost  crudes  result  in  low  recovery  of 
material  and  operation  of  the  column  at  high  load.  Higher  cost  crudes  require 
increasingly  high  values  of  recovery.  This  forces  the  loading  of  the  column  down; 
thus  larger  column  sizes  must  be  employed.  This  necessity  increases  the  cost  of  the 
production.  For  high  cost  crudes,  typical  of  biotechnological  production  or  multiple 
reaction  synthetic  procedures,  the  recovery  of  product  has  to  be  very  high  and  the 
optimum  cost  is  a  strong  function  of  operating  conditions.  There  is  an  optimum 
column  efficiency  which  depends  both  upon  the  selectivity  found  in  the  separation, 
the  displacements  between  the  solutes  and  the  cost  of  the  crude  material.  Finally,  the 
particle  diameter  of  the  packing  material  can  have  unexpected  influence  on  the 
optimum  process  cost. 
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Introduction 

Mass  spectrometry  (MS)  methods  are  being  developed  to  study  the  production 
of  several  important  neuropeptides  that  derive  from  the  metabolic  cascade  that  occurs 
in  a  neuron:  DNA  — >  mRNA  — *  various  large  and  intermediate-sized  precursors 
neuropeptides  — »  inactive  metabolites.  Those  data  are  needed  to  clarify  the 
metabolism  of  neuropeptides  that  occurs  in  control  and  pathophysiological  tissues 
and  fluids.  Electrospray  ionization  (ESI)  MS  has  been  used  to  characterize 
intermediate-sized  neuropeptide  precursor  molecules  that  are  produced  from  their 
respective  precursors,  preproenkephalin  At.263.  which  produces  methionine 
enkephalin  (ME)  and  proopiomelanocortin ,  (POMC),  which  produces  ^-endorphin 

(BE).  "Intermediate-sized”  means  fewer  than  the  ca.  260  amino  acids  in  a  precursor, 
but  more  than  the  five  or  31  amino  acids  in  ME  or  BE,  respectively. 

Results  and  Discussion 

Bovine  pituitaries  (n=5)  were  homogenized  at  neutral  pH  with  enzyme 
inhibitors.  Gel  permeation  (G75)  and  RP-HPLC  (linear  gradient  over  90  min  of 
15-60%  acetonitrile  in  TEAF  buffer  pH  3.15)  were  used  to  isolate  intermediate-sized 
precursors  from  bovine  pituitaries.  Commercial  ME  RIA  kits  were  used  to  monitor 
the  peaks  containing  ME-like  immunoreactivity  (ME-li)  in  GP  and  RP-HPLC 
fractions  after  treatment  with  CNBr  and  trypsin.  All  ME-li  containing  fractions  woe 
analyzed  by  ESI-MS  on  a  VG  Auto  Spec  Q  (EBEqQ)  mass  spectrometer.  The  source 
was  operated  at  4  kV.  The  samples  were  introduced  into  the  source  at  a  flow-rate  of  3 
ml/min  in  1:1  (v:v)  CHjOHiH^  containing  1%  CH3COOH.  ESIMS  analysis  of 
one  immunoreactive  fraction  showed  three  major  components,  with  M.W.  of  ca. 
6550,  8440  and  9855,  respectively  (Figure  1).  Trypsin  treatment  of  this  mixture, 
when  analyzed  by  LSIMS,  showed  the  presence  of  ions  at  m/z  558  and  1 134  (among 
others)  (Figure  2),  which  correspond  to  the  tryptic  peptides  BE20.24  (“POMC^jjg) 
and  BE10.19  (sPOMC^us)-  The  peaks  at  m/z  558  and  1 134  were  also  present  in 
the  FAB  spectra  from  trypsin  treatment  of  endogenous  BE  (M.W.  3465)  in  our 
previous  studies  [1].  Therefore,  that  peak  may  well  be  an  indication  that  this  fraction 
contains  intermediate-sized  precursors  derived  from  POMC.  At  this  stage,  we  feel 
that  the  component  with  a  mass  of  9,855  is  the  intermediate-sized  precursor  of  BE. 
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Therefore,  this  HPLC  fraction  will  be  subjected  to  further  HPLC  and/or  CZE 
separation,  and  die  putative  precursor  ion  at  9,835  will  be  studied  by  trypsin 
treatment,  ESIMS,  LSIMS,  and  MS/MS  sequencing  of  each  tryptic  fragment.  In 
that  manner,  we  will  locate  the  intermediate-sized  precursor  of  9,833  mass  units 
within  the  larger  POMC  precursor  molecule  itself.  We  are  also  searching  for  the 
intermediate-sized  precursors  of  ME  by  the  same  method.  For  example,  ESIMS 
analysis  of  another  active  fraction  showed  the  presence  of  a  major  peak  with  a  mass 
of  ca.  15,034  Da,  as  shown  by  the  series  of  (M+nH)0*  ions  12+-23+  at  m/z  1254- 
655,  and  a  smaller  peak  (ca.  5%)  at  14,879  (Figure  3).  Trypsin  treatment  of  this 
fraction  yielded  12  tryptic  fragments,  which  were  analyzed  by  LSIMS  and  ESIMS  and 
which  showed  very  small  peaks  at  m/z  701  and  729,  corresponding  to  the  (M+H)+ 
ions  of  ME-K  and  ME-R. 

Finally,  this  analytical  system  will  be  used  to  analyze  human  pituitaries  (post¬ 
mortem  controls  and  post-surgical  tumors). 


Fig.  1.  ESIMS  analysis  of  one  immunoreactive  fraction  extracted  from  bovine  pituitaries. 
(A)  ESI  mass  spectrum;  (B)  transformed  ESI  mass  spectrum. 
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Fig.  2.  LSIMS  mass  spectrum  of  an  unfractionated  tryptic  digest  that  contained  ME-li 
activity.  Note  the  ions  at  m/z  558  and  1134,  which  correspond  to  BE20.24  and  BE/0_I9, 
respectively. 


Fig.  3.  ES1MS  analysis  of  peptide  extracted  from  bovine  pituitaries.  (A)  ESI  mass 
spectrum;  (B)  transformed  ESI  mass  spectrum. 
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Introduction 

One  of  the  most  accurate  and  sensitive  methods  for  the  analysis  of  the  optical 
purity  of  amino  acid  residues  in  peptides  involves  hydrolysis  in  6N  HCl/H2Ot 
derivatization  of  the  free  amino  acids  and  gas  chromatographic  separation  of  the 
enantiomers  on  a  chiral  stationary  phase  (e.g.,  Chirasil  Val  [1]).  This  analysis  has 
been  automated  by  the  novel  instrument  DLAA1  consisting  of  the  automatic 
chemical  derivatizer  Autoderivat  100/2  (C.A.T.),  gas  chromatograph  GC-14/1  and 
autoinjector  AOC-14  (both  Shimadzu)  [4],  The  method  however  suffers  from  one 
weakness:  under  the  conditions  of  hydrolysis,  racemization  occurs  and  the  amount  of 
racemate  determined  represents  the  sum  of  the  amount  originally  present  in  the 
peptide  plus  that  generated  during  acidolysis. 

A  technique  for  the  unambiguous  quantitation  of  the  racemate  content  of 
peptides  and  proteins  of  synthetic  or  natural  origin  was  presented  by  Frank  et  al.  [2], 
The  protein  or  peptide  is  hydrolyzed  in  6N  DCI/D20,  whereby  racemization  is 
accompanied  by  deuterium  exchange  in  the  a-C  position.  The  standard  detector  (FID 
or  NSD)  is  replaced  by  a  mass  spectrometer  operating  in  the  scan  mode  and  from  the 
relative  amounts  of  deuterium-labeled  to  non-labeled  species  of  a  characteristic  ion 
necessarily  containing  the  a-H/D,  the  proportion  of  racemate  arising  from  the 
hydrolysis  could  be  calculated.  The  contribution  of  the  natural  isotopes  l3C,  I5N, 
nO  etc.  to  the  intensity  of  the  (I+l)+  ion  must  be  considered.  Using  multiple  ion 
detection,  Liardon  et  al.  [3]  improved  the  methodology,  developing  a  series  of 
equations  with  which  the  interference  from  neighboring  ions  (I+l)+  and  (I-l)+  could 
be  taken  into  account. 

According  to  our  experience,  a  simplification  of  the  method  described  by 
Liardon  but  employing  single-ion  detection  is  viable.  With  tfiis  method,  mass 
spectrometers  not  equipped  with  MID  hardware  may  also  be  used.  Using  the 
instrumental  setup  as  described  below,  it  is  possible  to  quantitate  down  to 
approximately  0.1%  of  D-enantiomers  in  peptides. 

Results  tad  Diacuwion 

Sample  preparation:  With  the  AHST-1  station  (C.A.T.),  peptides  and  proteins 
are  typically  hydrolyzed  undo:  vacuum  in  6  N  deuterium  chloride  in  deuterium  oxide 
(isotopic  purity  >99.3  atom%  D,  Fluka,  Buchs,  Switzerland)  for  24  hours  at  1 10°  C. 
If  tryptophan  or  cystein  are  to  be  determined,  1%  thioglycolic  acid  is  added  as  an 
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antioxidant  After  hydrolysis,  excess  reagent  is  evaporated  at  1 10°  C  using  a  gentle 
N2  stream.  400  |il  of  4N  HO  in  1 -propanol  is  added  to  the  dry  hydrolysate,  the  vial 
flushed  with  nitrogen  before  sealing,  and  heated  to  1 10°  C  for  30  min  after  which 
excess  reagent  is  evaporated  under  a  nitrogen  stream  at  1 10°  C.  200  pi  trifluoroacedc 
anhydride/ethyl  trifluoroacetate  (1:1)  are  added  to  the  dry  amino  acid  ester 
hydrochlorides  and  die  mixture  is  heated  to  150°  C  for  10  min.  After  cooling  to 
room  temperature,  the  solution  is  carefully  brought  to  dryness  and  the  residue 
dissolved  in  ISO  pi  toluene.  If  hisddine  is  to  be  determined,  SO  pi  isopropyl 
chloroformate  are  added  to  the  sample  and  the  vial  heated  to  40°  C  for  20  min. 

Gas  chromatography:  The  N(0,S>trifluoroacctyl  amino  acid  esters  are  separated 
on  a  deactivated  glass  or  fused  silica  capillary  (20  m  x  0.28  mm)  coated  with 
Chirasil-Val  (df  =  0.13  p)  with  hydrogen  as  carrier  gas.  The  column  is  programmed 
from  67°  C  to  200°  C  at  4°  C/min  and  the  peaks  identified  by  way  of  their  retention 
times.  Standard  detection  is  done  with  FID  or  NSD.  The  derivatization  procedure, 
combined  with  the  GC  separation  may  be  automated  with  the  Autoanalyzer  DLAA1 
(Shimadzu/C.A.T.). 

Mass  spectrometry:  An  MAT112  (magnetic  field)  mass  spectrometer  with 
electron  impact  ionization  (80eV)  was  operated  in  the  SIM  mode.  Adjustment  of  the 
magnetic  field  was  facilitated  by  the  accurate  mass  display  of  the  data  system  (AMD 
Intec tra).  The  SIM  signal  was  monitored  with  a  Tri  vector  integrator. 

Racemization  during  acid  hydrolysis  involves  protonation  and  deprotonation  of 
the  carboxyl  group  with  tautomeric  enol  rearrangement  at  the  a-C  position.  If  the 
hydrolysis  is  carried  out  in  a  fully  deute rated  environment,  the  racemate  formed  is 
deuterium-labeled  at  the  a-position  with  a  consequent  shift  of  one  mass  unit  of  all 
fragments  containing  this  moiety.  The  proportion  of  D-amino  acids  originally 
present  in  the  peptide  is  thus  represented  by  the  relative  amounts  of  the  unlabeled 
form: 


Anm  *  100 

Original  racemate  content  =  .  ■  -  (%) 

Ad(I)  +  Al(I) 

where  A[)(i)  is  the  peak  area  of  the  D-enantiomer  measured  on  the  ion  (I). 

Two  prerequisites  must  be  fulfilled  : 

1 .  It  is  imperative  that  the  ion  selected  for  monitoring  (I)+  includes  the  a-H. 

2.  The  ion  (I-l)+  should  be  of  low  intensity  (less  than  5%)  relative  to  the 
monitored  ion  (I)+.  Incorporation  of  deuterium  would  lead  to  its  being  detected 
together  with  the  unlabeled  ion  (I)+  and  would  result  in  a  positive  error  with  a 
value  of  the  product  of  the  relative  intensity  of  (I-l)+  and  the  degree  of 
racemization  during  hydrolysis. 

In  Table  1,  the  recommended  ions  for  the  determination  of  each  amino  acid  together 
with  their  relative  intensity  and  the  intensity  of  the  ion  (I-l)+  relative  to  (I)+  are 
listed. 

Although  usually  only  the  original  racemate  content  is  of  importance,  the 
degree  of  racemization  during  hydrolysis  may  also  be  determined  by  subtraction  of  the 
racemate  content  originally  present  from  the  total  racemate  content  determined  with 
non-specific  detection  (FID,  NSD  or  MS-TIC). 

Despite  its  unquestionable  advantages  ova  the  standard  gas  chromatographic 
method  with  non-specific  detection,  the  described  method  has  its  own  sources  of 
error: 
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Table  1  Ions  for  detenmation  of  amino  acids 


Amino  acid 

(D+ 

(D+ 

reL  abundance 

0-l)+ 

id.  abundance  to  (I)+ 

Ala 

140 

100 

1.5 

Val 

168 

100 

3 

He 

182 

60 

2.5 

Pro 

253 

10 

<4 

Leu 

182 

45 

0.7 

Ser 

252 

3 

<6 

Hyp 

365 

1.5 

<10 

Asp 

228 

40 

2.5 

Met 

287 

26 

<1.5 

Phe 

303 

1.5 

<10 

Tyr 

302 

48 

<1 

Lys 

180 

100 

3.6 

Aig 

435 

47 

<1 

Tip 

438 

4.3 

<6 

Hyp 

365 

1.5 

<10 

Cl-Phe 

337 

7.9 

<5 

Nal 

353 

9.6 

<4 

The  small  dynamic  range  of  104  of  the  quadrupol  and  magnetic  sector  mass 
spectrometer  and  only  103  of  the  ion  trap  (cf.  IQ7  for  FED)  is  one  of  the  main  draw¬ 
backs  of  this  analysis.  In  consequence,  the  sample  has  to  be  injected  within  a  small 
concentration  range  to  allow  determination  of  0.1%  of  the  D-enantiomer.  In  addition 
the  relative  abundance  of  the  various  ions  measured  may  differ  by  a  factor  of  30. 

The  error  arising  from  the  deuterium-labeling  of  the  (I-l)+  ion  has  been 
mentioned  above.  Its  maximum  magnitude  may  be  estimated  from  the  intensity  of 
the  (I-l)+  ion  in  the  mass  spectrum  of  the  non-labeled  amino  acid  and  the  degree  of 
racemization  during  hydrolysis.  If  the  ion  (I-l)+  however  results  from  the  abstraction 
of  the  a-H,  it  will  not  contribute  to  the  intensity  of  the  ion  (I)+,  and  will  thus  not 
falsify  the  results. 

The  lower  limit  of  determination  will  probably  be  governed  by  racemization 
during  the  acid  catalysed  esterification  in  'HCl/l -propanol.  We  find  it  possible  to 
determine  down  to  approximately  0.1%  for  most  amino  acids  under  the  conditions 
described.  Liardon  noted  a  non-linearity  in  the  racemate  content  of  spiked  samples  at 
this  level,  which  was  presumably  a  result  of  racemization  with  concomitant 
de-labeling  during  derivatization. 
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Introduction 

Due  to  rapid  separation  (up  to  10-15  min),  high  resolution  (several  million 
theoretical  plates)  and  high  sensitivity  (attomole  range),  CE  will  become  an 
unreplaceable  tool  in  the  laboratories  of  peptide  chemists  [1  and  references  cited 
therein].  Especially,  the  most  recent  commercially  available  CE  systems,  such  as 
the  BioFocus  3000  CE  (Bio-Rad,  Munich,  Germany)  [2],  offering  automatic  constant 
volume  sample  injection,  efficient  capillary  temperature  control,  cooling  or  heating 
of  the  sample  and  fraction  collection  compartment  and  coated  or  uncoated  capillaries 
in  cartridges  of  different  capillary  lengths,  allow  rapid,  reproducible  and  sensitive 
separations. 

For  the  development  of  specific  antibodies  and  epitope  mapping  experiments, 
solid  phase  peptide  synthesis  of  parathymosin  a  fragments  (26-30),  (20-30),  (16-30), 
(11-30),  (7-30),  (1-30)  was  performed,  and  the  crude  and  purified  products  woe 
investigated  by  HPLC  and  CE. 

Ac-SEKSVEAAAEL&AISLKEKKEKVEEKASBK-OH 

Fig.  1.  Primary  structure  of  parathymosin  a  ( 1-30).  Underlined  amino  acid  residues  were 
coupled  twice  during  peptide  synthesis. 

Results  and  Discuss  ion 

The  peptide  synthesis  of  the  parathymosin  a  fragments  (sequence  1-30,  shown 
in  Figure  1)  was  performed  batchwise  by  the  Fmoc/Bu1  solid  phase  technique,  using 
an  automatic  synthesizer  (Ecosin  P,  Eppeodorf-B  iotronic ,  Maintal,  Germany)  and 
p-benzyloxybeazyl  alcobol/polystyrene/1  %-divinylbenzene  resin  (Wang  resin;  0.5g), 
loaded  with  0.3  mM  Pmoc-Lys(Boc)-OH. 


Fig.  2.  Electropherograms  and  Chromatograms  (RP-HPLC)  of  purified  synthetic 
parathymosin  a (26-30),  panel  A  and  paratkymosin  a(l-30),  panel  B. 

Electropherograms:  BioRad,  BioFocus  3000;  capillary:  coated  (25  pm  x  24  cm);  loading: 
6  sec/6KV;  running  conditions:  10  KV;  buffer:  0.1M  phosphate,  pH  2.5;  concentration: 
141  pg/100  pKA),  129  pg/100  pRB);  detection :  UV(A  =  214  ton). 

RP-HPLC:  high  precision  pump  model  490  (Gytutkotek,  Munich,  Germany),  UVIDEC- 
100  111  UV  spectrometer  (Jaxo,  Grofl-Zimmem,  Germany),  detection:  UV  (X  =  214  run). 
Conditions  A:  Column:  C2  +  CIg-PEPS  (5  pm,  4  x  250  run;  LKB- Pharmacia,  Bromma, 
Sweden),  flow  rate:  1  ml/nun;  eluent  (isocratic):"  HfifTFA  (1000:0,17). 

Conditions  B:  Hj/O/TFA  (1000:0,17),  B:  CHfCN/H2OfFFA  (600:400:0.15);  flow  rate: 
Iml/min;  gradient:  5-95%  B  in  30  min. 


The  Fmoc  amino  acids  (Calbiochem-Novabiochein,  Bad  Soden,  Germany)  are 
coupled  in  2.5  fold  excess  with  benzotriazol- 1  -yl-oxy-tris-(dimethylamino)- 
phosphonium  hexafluorophosphate  (BOP;  2.5  equivalents)  and  diisopropylethylamine 
(DIEA;  3.5  equivalenU).  The  following  side  chain  protections  were  applied: 
Arg(Pmc),  Asp(OtBu),  Glu(OtBu),  Ser(tBu)  and  Lys(Boc).  The  syntheses  were 
performed  in  dimethylformamide  (DMF),  applying  single  and  double  coupling 
procedures  (underlined  in  Figure  1).  The  Fmoc  amino  acids,  BOP  and  DIEA, 
dissolved  in  DMF,  were  preactivated  and  transferred  to  the  reaction  vessel. 
Depnrtectkm  of  the  Fmoc  groups  were  carried  out  with  25%  piperidine  in  DMF  (1  x 
3;  1  x  15  min).  The  peptides  (Fmoc-deprotected)  were  cleaved  from  the  resin  with 


v.''  v 


T.  Kaiser  etaL 


Analytical  Methods 


simultaneous  removal  of  the  side  chain-protecting  groups  in  trifluoroacetic  acid 
(TFAVthioanisole/H20  (4: 1:0.5  v/v/v)  within  3h.  The  peptides  were  precipitated  in 
10  fold  excess  ice  cooled  diethyl  ether,  collected  by  filtration  and  lyophilized  from  1% 
acetic  acid  in  water. 

Figure  2  shows,  for  comparison,  the  chromatograms  (HPLC)  and 
electropherograms  of  the  purified  synthetic  fragments  (26-30)  and  (1-30)  of 
parathymosin  a,  which  demonstrate  that  CE  separations  proceed  in  shorter  time  and 
with  higher  resolution. 

Furthermore,  using  coated  capillaries,  a  linear  relationship  was  found  for  the 
synthetic  fragments,  if  their  M^/Z  values  (M=mass,  Z=charge)  versus  their 
migration  times  are  plotted  (Figure  3).  This  relationship  can  be  applied  for  peak 
assignments  in  the  electropherograms  of  peptide  mixtures. 


IZ 


Fig.  3.  Standard  curve  far  the  synthetic  peptide  fragments  of  parathymosin  a. 
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Introduction 

Beside  the  overall  hydrophobicity,  also  the  secondary  structure  induced  by 
reversed-phase  interaction  may  affect  the  HPLC  retention  behaviour  of  peptides.  The 
formation  of  an  amphipathic  a-helical  structure  induces  a  preferred  hydrophobic 
binding  domain  and  leads  to  a  considerably  stronger  retention  on  reversed-phase 
columns  [1, 2].  In  order  to  evaluate  the  relation  between  the  presence  of  amphipathic 
a-helical  secondary  structure  and  the  RP-HPLC  retention  time  we  synthesized  D- 
amino  acid  replacement  sets  of  KLALKLALKALKAALKLA-amide  and  NPY  1-36, 
since  incorporation  of  D- amino  acids  is  known  to  destroy  helical  structures. 

Results  and  Discussion 

Inversion  of  the  amino  acid  configuration  at  position  Leu4  to  Ala18  of  the 
amphipathic  a-helical  model  peptide  KLALKLALKALKAALKLA-NHj  leads  to  a 
significant  drop  of  both,  CD  determined  helicity  as  well  as  reversed-phase  HPLC 
retention  time  (Figure  1).  The  effect  is  stronger  in  the  middle  of  the  molecule  and  is 
pronounced  by  substitution  of  two  adjacent  amino  acids  (DD-replacement). 
Replacement  of  an  amino  acid  in  the  N-terminal  region  of  the  helical  peptide  with  its 
D-enantiomer  enhances  helicity  and  leads  to  an  increase  of  the  hydrophobic 
interaction  in  reversed-phase  chromatography. 

The  investigation  of  a  DD-replacement  set  of  NPY  1-36  has  shown  that 
substitutions  in  the  N-terminal  sequence  which  is  known  to  have  random  coil 
structure  have  rather  no  influence  on  helicity  and  retention  behaviour  (Figure  2).  In 
contrary,  double  D-amino  acid  substitutions  in  positions,  which  are  described  to  be 
involved  in  the  helical  structure  of  NPY  (residues  19-34  [3],  or  residues  15-26  and 
28-35,  linked  by  a  hinge  inducing  a  100°  angle  [4])  cause  a  significant  decrease  of 
CD  determined  helicity  as  well  as  of  retention  time  of  the  analogs,  indicating  the 
influence  of  D-amino  acid  substitution  on  the  helical  propensity. 

It  is  obvious  that  the  influence  of  the  D-amino  acid  substitution  position  on 
helicity  correlates  with  change  of  peptide  retention  data.  Conclusively,  HPLC 
retention  behaviour  of  a  D-amino  acid  replacement  set  of  peptides  provides  an 
indication  of  the  presence  and  location  of  amphipathic  a-helical  secondary  structure. 
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Fig.  1.  Influence  of  the  position  of  D-amino  acid  substitution  on  the  CD  determined 
helicity  [5]  A  and  RP-HPLC  retention  time  [6]  B  of  KLALKLALKALKAALKLA-NH T 


Fig.  2.  Influence  of  the  position  of  D-amino  acid  substitution  on  the  CD  determined 
helicity  [5]  A  and  RP-HPLC  retention  time  [6]  B  of  NPY  1-36. 


References 

1 .  Zhou,  N.E.,  Mant,  C.T.  and  Hodges,  R.S.,  Pept.  Res.,  3  (1990)  8. 

2.  Steiner,  V.,  Schflr,  M.,  Bfimsen,  K.O.  and  Mutter,  M.,  J.  Chromatogr.,  586  (1991) 
43. 

3.  Mierke,  D.F.,  Dflrr,  H.,  Kessler,  H.  and  Jung,  G.,  Eur.  J.  Biochem.,  206  (1992)  39. 

4.  Darbon,  H.,  Bemassau,  J.M.,  Deleuze,  C.,  Chenu,  J.,  Roussel,  A.  and  Cambillau,  C., 

Eur.  J.  Biochem.,  209  (1992)  765.  _ 
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nm  (Jasco  720).  The  a-helicity  was  estimated  from  e?7?. 

6.  HPLC  retention  times  were  determined  on  a  PolyEncap  A300  column  (250x4.6  mm, 
5  pm,  Bischoff  Analysentechnik  GmbH).  Mobile  Phase  A:  0.1%  TFA  in  water,  B: 
0.1%TFA  in  50%  acetonitrile/50%  water  (v/v),  linear  gradient  5-95%  B  in  40  min. 
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Introduction 

In  the  course  of  our  studies  of  McPC603,  its  Fab  fragments,  and  its  semi¬ 
synthetic  recombinants,  we  have  developed  a  capillary  electrophoretic  technique  to 
measure  antibody  binding  constants  quickly  and  with  a  minimal  amount  of  sample. 
Existing  methods  include  but  are  not  limited  to  equilibrium  dialysis,  NMR  studies  of 
the  active  site  micro  environment,  sedimentation  equilibrium  and  fluorescence 
quenching.  Although  all  of  these  methods  allow  for  binding  constant  determination, 
they  suffer  from  requirements  of  either  large  amounts  of  time  or  large  amounts  of 
material  or  both.  Previously  researchers  have  obtained  the  binding  constants  for  the 
McPC603  Fgb  fragments  utilizing  equilibrium  dialysis,  the  calculated  values  are  1.7 
x  10*  M1  [1],  1.21  ±  0.06  x  10s  M-1  [2]  and  6.59  x  104  M'1  [3].  The  only  two 
requirements  for  the  implementation  of  die  capillary  electrophoretic  technique  are 
conditions  that  suitably  resolve  die  immunoglobulin  and  an  antigen  that  possesses  a 
charge  at  the  pH  at  which  die  determination  is  made.  A  charged  antigen  affects  an 
electrophoretic  mobility  shift  on  the  binding  peak  (Figure  1).  The  experiment  is 
done  under  physiological  conditions,  and  sample  volumes  consumed  do  not  exceed  1 
pi  of  a  concentrated  sample.  The  detection  is  performed  by  LTV  spectroscopy,  and 
therefore  no  special  chemistry  is  required. 

Results  and  Discussion 

A  common  problem  encountered  by  researchers  attempting  CE  analysis  on  large 
proteins  is  adherence  to  the  bare  silica  walls.  A  Supeko  Cl  coated  capillary  was 
used  to  overcome  this  problem.  There  are  a  number  of  advantages  to  using  such  a 
system,  among  than  are  decreased  endoosmotic  flow,  decreased  electrostatic  attraction 
between  positively  charged  proteins  and  the  capillary  wall,  and  the  avoidance  of  buffer 
additives  which  might  interfere  with  the  antibody,  antigen  complex.  Using  the 
aforementioned  capillary  the  buffer  system  which  gave  die  best  resolution  was  20 
mM  borate  pH  9.5.  Our  hapten,  phosphorylcholine  (PC)  is  negatively  charged  above 
pH  5  and  does  not  absorb  significantly  at  210  nm.  The  buffers  used  in  the  binding 
constant  determination  were  made  up  from  dilutions  of  stock  solutions  containing  20 
mM  borate,  1  x  ID3  M  PC,  50  mM  NaCl,  and  the  borate  buffer  with  NaCl  added  to 
give  buffer  the  same  conductivity  as  the  PC  containing  buffer.  We  have  noted  that 
reduced  currents  produced  by  lower  ionic  strengths  yield  better  results. 


249 


Lkt.  Martin  et  aL 


Analytical  Methods 


Fig.  1.  Electrophoretic  mobility  shift  upon  addition  of  PC  to  CE  buffer. 

The  electrophoretic  mobility  (p)  of  a  species  is  determined  by  the  elution  time 
of  the  species  in  question  compared  to  the  elution  time  of  a  sample  of  known 
electrophoretic  mobility.  In  our  case  the  reference  molecule  is  mesityl  oxide  which 
is  uncharged  and  thus  has  a  p  of  0.  Additionally  p  is  related  to  the  total  capillary- 
length,  the  length  to  the  detector,  and  the  applied  voltage  [4],  Upon  binding  the  PC 
the  charge  of  the  IgA  or  is  changed  by  -1  and  its  electrophoretic  mobility  (p)  will 
thus  be  altered.  By  plotting  p  vs.  p/[PC]  and  extrapolating  to  large  [PC]  the  il..  and 
v  (Wu _ 1  can  be  calculated  for  a  series  of  tuns  (Table  1). 
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Table  1  Recorded  and  calculated  data  for  the  binding  of  PC  by  the  Fab  fragment 


[PCJxlO4  M-1 

pxlO3 

(cm-Wsec) 

H/[PC] 

(cn^/VsecM) 

VBfi/pmax 

v/[PC]  M-> 

1.0 

-8.93 

-89.34 

0.94 

9400 

2.5 

-9.22 

-36.88 

0.97 

3900 

5.0 

-9.44 

-18.87 

0.99 

2000 

10.0 

-9.70 

1 

1000 
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Fig.  2.  Binding  plot  of  McPC603  Fab  fragment. 

Plotting  v  vs.  v/[PC]  produces  a  graph  with  a  slope  that  is  the  negative  inverse 
of  the  binding  constant  (Figure  2).  The  Ka  which  has  been  determined  for  the  Fab 
fragment  is  1 .5  x  10s  at  30°C  which  is  in  good  agreement  with  the  published  values. 

The  binding  constant  determination  of  the  intact  McPC603  by  CE  has  proven 
elusive  thus  far,  due  primarily  to  the  large  net  charge  (-17)  present  on  the 
immunoglobulin  at  the  pH  at  which  the  experiment  must  be  performed.  Pepsin 
cleavage  of  McPC603  produced  a  F^  fragment  with  a  MW  of  62,000  by  SDS- 
PAGE.  This  fragment  was  calculated  to  have  a  charge  of  -8  at  the  experimental  pH 
and  thus  showed  a  more  dramatic  shift  upon  binding  the  hapten.  The  speed  of  sample 
analysis  coupled  with  minimal  sample  consumption  makes  this  method  of  binding 
constant  determination  highly  promising  for  those  samples  which  can  be  adequately 
separated  by  CE. 
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Introduction 

Carefully  controlled  kinetic  studies  [1]  had  allowed  the  synthesis  of  BHAR 
batches  containing  higher  amounts  of  amino  groups  than  previously  reported  and, 
important  for  large  scale  SPPS,  these  resins  have  been  useful  for  syntheses  of  a- 
carbox amide  peptides  [2].  Besides  this  use,  there  is  indeed  a.  possibility  of  employing 
highly  substituted  BHARs  also  as  novel  anion  exchange  resins  in  aqueous  solution. 
This  is  due  to  our  earlier  findings  which  demonstrated  that,  the  higher  the  amount  of 
positively  charged  ammonium  groups  in  resins,  the  better  the  swelling  in  more  polar 
solvents  including  water  [1].  Thus,  the  purpose  of  this  work  was  to  test,  by 
purifying  negatively  charged  model  peptides,  the  true  potentiality  of  the  anion 
exchanger  properties  of  BHAR-type  resins. 

Results  and  Discussion 

Forcing  more  the  benzoylation  reaction  step  of  our  previously  reported  BHAR 
synthesis  method  [1],  it  was  possible  to  increase  the  maximum  substitution  degree  of 
BHAR  from  2.2  mmoi/g  to  3.3  mmmol/g.  The  hydration  capacity  of  the  two 
BHAR  batches  was  estimated  by  the  microscopic  measurement  of  resin  beads  [3]  and, 
as  expected,  the  average  volume  of  solvent  (0.02  M  NH^Ac  aqueous  buffer,  pH  S.0) 
absorbed  by  each  bead  (calculated  by  subtracting  the  volume  of  dry  from  that  of  the 
swollen  bead)  increased  from  2.6  x  10s  pm3  to  3.9  x  10s  pm3  as  the  degree  of 
substitution  ranged  from  2.2  mmol/g  to  3.3  mmol/g.  These  swelling  values  of 
amino  protonated  BHARs  in  aqueous  solution  are  rather  similar  to  those  of  amino 
deprotonated  BHAR  in  DCM  or  DMF  during  the  coupling  reaction  in  the  peptide 
synthesis  cycle  [1]  thus  suggesting  that,  in  principle,  highly  substituted  BHARs 
have  sufficient  hydration  capacity  to  be  tested  as  anion  exchange  resins  in  aqueous 
media. 

The  two  acidic  peptides,  DEVYIHPF  and  DEVYIEPF  with  net  charges  (at 
pH  3.0)  near  (-1)  and  (-3),  respectively,  were  submitted  to  chromatographic 
purification  with  2.2  mmol/g  and  in  3.3  mmol/g  BHARs.  The  (+2)  DRVYIHP- 
amide  was  also  tested  as  a  control  and  among  commercial  resins,  the  strong  anion 
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exchange  AG1-X2  resins  (BioRad)  was  also  chosen  for  comparison.  Figure  1  shows 
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Fig.  1.  Anion  exchange  chromatography  of  DRVYlHP-amide  (Pj),  DEVYIHPF  (Pj)  and 
DEVYIEPF  (P3)  on  AG1-X2  resin  (A),  3.3  nunol/g  BHAR  (B)  and  2.2  mmol/g  BHAR  (C). 
Linear  pH-gradient  from  0.02  M  ammonium  acetate,  pH  5.5  to  10%  HOAc,  pH  2.3,  120  ml 
each )  and  3.5  mmol  of  ammonium  groups  per  column. 

the  chromatographic  profiles  obtained  in  a  linear  pH-giadient  (from  pH  5.5  to  2.3). 
The  comparison  of  the  anion  exchange  properties  of  die  two  BHAR  batches  indicated 
improved  elution  and  resolution  of  pedes  as  the  amount  of  ammonium  groups  in  the 
resin  increased  (better  swelling).  The  3.3  mmol/g  BHAR  presented  an  elution  profile, 
rather  similar  to  that  seen  with  commercial  AG1-X2  resin.  As  expected,  the 
positively  charged  control  peptide  (P,)  eluted  in  the  void  volume  of  the  three 
columns.  These  findings  confirmed  the  feasibility  of  anion  exchange  purification 
with  highly  substituted  BHAR-type  polymer,  so  far  employed  as  the  solid  support 
for  peptide  synthesis.  Furthermore,  differently  from  commercial  resins  which  contain 
quaternary,  tertiary  or  secondary  amino  functions,  the  presence  of  a  more  reactive 
primary  amino  group  bound  to  the  BHAR  matrix  might  be  used  advantageously  to 
obtain  other  resin-derivatives  for  various  purposes. 
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Introduction 

Although  X-ray  crystallography  and  multi-dimensional  NMR  have  been 
developed  as  powerful  methods  for  the  determination  of  protein  structures,  there  is  a 
considerable  need  for  unequivocal,  molecular  approaches  of  characterizing  chemical 
properties  of  specific  residues  in  proteins.  Protein-chemical  modification  has  long 
been  employed  for  evaluation  of  chemical  reactivities  in  structure-function  studies 
[1];  however,  conventional  analytical  methods  frequently  do  not  provide 
unambiguous  identification  of  modification  sites,  and  require  radioactive  labelling. 
The  development  of  desorption-ionization  mass  spectrometric  methods,  such  as  fast 
atom  bombardment  (FABMS),  252-Cf  plasma  desorption  (PDMS)  and  electrospray 
(ESMS)  has  enabled  accurate  molecular  weight  determinations  of  polypeptides  and 
proteins  up  to  >100  kDa,  as  well  as  the  direct  analysis  of  multicomponent  peptide 
mixtures.  The  combination  of  specific  chemical  modification  with  direct  mass 
spectrometric  peptide  mapping  of  proteolytic  mixtures  has  recently  been  developed  as 
a  new  approach  to  obtain  chemical  reactivity  data  in  proteins  [2]  (Figure  1).  This 
method  has  already  been  successfully  shown  with  several  specific  reactions  such  as 
amino  acylation,  Tyr-iodination  and  -nitration  and  carboxylate-amidation,  to  yield 
direct  information  on  surface  topology  and  microenvironment  effects  in  protein 
structures. 


Results  and  Discussion 

Principal  analytical  steps  of  the  mass  spectrometric  approach  are:  (1)  limited 
protein-chemical  modification  at  different  reaction  conditions  (time,  reagent  excess); 
(2)  direct  molecular  weight  determinations  revealing  the  number  and  distribution  of 
modified  residues  of  protein  derivatives;  (3)  proteolytic  digestion  and  mass  spectral 
peptide  mapping  analysis  to  identify  the  modification  sites;  and  (4)  estimation  of 
relative  reactivities  from  the  increase  and  decrease  in  molecular  ion  abundances  of 
modified  vs  unmodified  peptide  fragments.  In  addition,  the  ESMS  analysis  of  protein 
derivatives  in  step  (2)  provides  direct  information  on  structural  changes  with 
increasing  modification  by  comparison  of  the  charge  structure  (envelope)  of  multiple 
proto nated  molecular  ions,  and  analysis  by  deuterium  exchange  [3, 4]. 
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For  the  amino-acetylation  and  -succinylation  with  a  range  of  molar  excess  of 
acylanhydrides  at  pH  6.5,  the  application  of  this  approach  for  surface  topology 
probing  has  been  systematically  studied  with  proteins  of  different  globular  structures, 
such  as  hen  egg  white  lysozyme  (HEL),  bovine  RNAse  and  horse  heart  myoglobin. 
A  gradual  increase  of  modification  (mol.  weights)  was  found,  yielding  selective 
acetylation  of  the  total  number  of  7  (HEL),  1 1  (RNAse)  and  21  (myoglobin)  lysine 
and  N-terminal  amino  groups  at  100-300-fold  excess  of  anhydride/NH2-group.  PD 
mass  spectra  me  trie  peptide  mapping  analysis  after  trypsin  digestion  provided  the 
unequivocal  identification  of  the  acetylation  sites  by  the  shifts  (Lys  — »  Arg)  of 
tryptic  cleavage  sites,  and  the  corresponding  molecular  ions  of  acetylated  peptides  [3]. 
Relative  reactivities  were  derived  from  the  corresponding  molecular  ion  abundances 
by  PDMS;  in  addition  a  direct  quantification  of  acetylated  peptides  was  obtained  by 
FABMS  peptide  mapping  after  differential  acylation  of  proteins  with  acetyl-  and 
trideuteroacetyl-anhydride  [5). 

The  relative  reactivities  for  die  acetylation  of  amino  groups  determined  from  the 
peptide  mapping  data  w ere  compared  with  the  relative  surface  accessibilities  (SA)  for 
a  1.4  A  van  der  Waals  sphere  [6]  from  the  X-ray  structures.  A  clear  linear  correlation 
of  reactivities  with  the  SA  values  of  Lys  residues  was  found  as  shown  in  Figure  1  for 
HEL  and  RNAse  A,  while  pK1/2  values  had  no  significant  effect.  Besides  the 
expected  large  deviation  in  reactivity  of  the  N-terminal  amino  groups,  the  only 
significant  exception  was  found  for  the  Lys41  residue  of  high  reactivity  in  RNAse  A 
(SA  =  0.15)  which  together  with  the  His19  and  His112  residues  is  part  of  the  active 
hydrolytic  centre  of  the  enzyme  (Figure  2)  [7]. 


Fig.  1.  Correlation  of  relative  reactivities  of  amino-acetylation  in  HEL  (M)  and  bovine 
RNAse  A  (A)  with  surface  accessibilities.  SA  values  are  referred  to  the  tripeptide  Ala-Lys- 
Ala  [6]. 
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Fig.  2.  Tertiary  structure  scheme  of  RNAse  A  highlighting  the  amino  acid  residues 
involved  in  the  active  hydrolytic  centre. 

The  results  obtained  so  far  with  model  proteins  of  known  tertiary  structures  are 
promising,  and  first  applications  are  studied  at  present  of  mass  spectrometric  peptide 
mapping  to  surface  topology  probing,  such  as  in  helical  polypeptides  and  leucine 
zipper  protein  complexes  with  oligonucleotides.  Furthermore,  an  exciting 
application  potential  is  the  selective  modification  of  protein  antigen-antibody 
complexes,  followed  by  proteolytic  digestion  and  mass  spectrometric  analysis  of 
dissociated  antigen  peptides  (mass  spectrometric  epitope  mapping  [8]).  This 
approach  is  presently  being  applied  to  the  characterization  of  conformationally 
assembled  epitopes  of  myoglobin  with  monoclonal  antibodies. 
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Introduction 

The  recently  sequenced  pig  heart  CoA  transferase  [succinyl-CoA:3-ketoacid  CoA 
transferase,  EC  2.8.3.5.J  consists  of  two  identical  subunits  of  481  residues  each  [1], 
A  hydrophilicity  plot  of  the  monomer  suggests  two  interacting  domains  linked  by  a 
solvent-accessible  hinge  region.  SDS-PAGE  analysis  indicates  that  this  linker 
region  is  nicked  in  a  preparation  of  active  enzyme  purified  in  the  absence  of  PMSF. 

Previously,  it  was  demonstrated  that  the  analytically  active  moiety  of  this 
enzyme,  to  which  CoA  is  thioesterified  to  form  a  covalent  intermediate,  is  a 
glutamate  sidechain  [2].  In  order  to  identify  this  glutamate  residue  within  the 
sequence,  we  have  made  use  of  an  autolytic  fragmentation  shown  to  occur  at  the 
active  site  when  the  enzyme-CoA  intermediate  is  heated  [3].  This  fragmentation, 
which  can  be  carried  out  on  intact  or  proteolytically  nicked  CoA  transferase,  occurs 
approximately  2/3  of  the  distance  from  the  enzyme's  N-terminus,  and  generates  an  N- 
terminally  blocked  C-terminal  fragment  To  locate  the  active  rite  glutamate  more 
precisely,  we  have  attempted  to  apply  die  methods  of  HPLC  and  mass  spectrometry. 

Results  and  Discussion 

The  nicked  form  of  CoA  transferase,  both  prior  and  subsequent  to  autolysis,  is 
represented  schematically  in  Figure  1.  Proteolysis  alone  is  shown  to  generate 
segments  A  and  B,  while  die  autolytic  fragmentation  releases  peptides  C  and  D. 
Significantly,  peptide  D  is  bordered  at  its  N-terminus  by  the  proteolytic  cleavage  rite, 
and  at  its  C-terminus  by  the  rite  of  autolysis  (Le.  the  active  site).  Because  the  site  of 
proteolysis  has  been  identified  in  the  sequence  of  CoA  transferase,  accurate 
determination  of  the  mass  of  peptide  D  allows  for  precise  identification  of  the  active 
site  glutamate  residue.  In  order  to  isolate  this  peptide,  die  two  forms  of  nicked  CoA 
transferase  were  analyzed  by  reversed -phase  (RP)  HPLC;  their  corresponding  elution 
profiles  are  compared  in  Figure  1.  Given  that  peaks  labeled  1-3  appear  in  both  plots, 
it  is  clear  dun  dsee  peptides,  denoted  X,  Y,  and  Z,  are  specifically  associated  with  the 
autolytically  fragmented  sample.  The  identity  of  these  three  peptides  will  very 
shortly  be  addressed  by  their  analysis  on  a  benchtop  electrospray  mass  spectrometer. 

The  design  of  these  experiments  illustrates  the  value  of  peptide  sequencing  by 
mass  spectrometry  to  the  study  of  a  protein's  primary  structure. 
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Fig.  1.  Elution  profiles  for  RP-HPLC  of  CoA  transferase,  either  nicked  (top)  or 
nicknVautolyticaUy  fragmented  (bottom).  Separations  were  performed  at  0.2  ml/min  on  a 
Vydac  218TP  C18  column  (250  mm  x  2.1  mm  ID,  5-pm  particle  site,  300-A  pore  site). 
Gradient  curve  indicates  25%B  ->  70*8  ->  100*8  ->  100*A.  where  A  is  0.1 *  TFAAvater, 
B  is  0.1 *  TFA/acetonitrile.  Peaks  appearing  in  both  plots  are  labeled  1-5,  whereas  those 
unique  to  the  lower  plot  are  labeled  X,  Y,  and  Z  Also  shown  to  the  left  of  each  plot  is  a 
schematic  diagram  of  the  appropriate  form  of  the  enzyme.  The  four  peptides  are  labeled  A- 
D  and  are  assigned  approximate  molecular  weight  values.  Peptides  C  and  D  are  shown  to 
be  released  from  only  one  of  the  two  subunits  to  reflect  the  observed  50*  efficiency  of  the 
autolytic  fragmentation. 
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Introduction 

During  the  last  years  mass  spectrometry  has  been  proven  to  be  a  powerful  and 
sensitive  tool  for  peptide  sequencing  and  is  becoming  a  more  and  more  useful 
alternative  and  complementary  approach  to  automated  Edman  degradation  [1, 2],  But 
sequence  determination  of  an  unknown  peptide  is  still  a  difficult  task  due  to  the 
initially  huge  number  of  possible  sequences  consistent  with  the  molecular  weight  of 
peptide  among  which  the  correct  one  must  be  chosen  by  using  spectral  information 
about  fragment  ions  and  (if  any)  additional  data  about  peptide.  Different 
derivatization  procedures  are  knc  ”r  to  be  used  to  facilitate  interpretation  of  mass 
spectra  [3, 4, 5].  Recently  *.  repo  ~d  about  a  facile  method  of  derivatizing  peptides 
for  sequence  analysis  of  [  des  based  on  hydrogen/deuterium  exchange.  When  a 
peptide  is  dissolved  in  a  dew  -ated  solvent  containing  labile  protons  (D20  deuterated 
methanol  etc.)  there  is  exchange  of  all  hydrogens  in  the  peptide  attached  to  oxygen, 
nitrogen  and  sulfur.  The  number  of  labile  protons  in  the  peptide  can  be  easily 
determined  from  measurement  of  the  mass  difference  between  the  intact  peptide  and 
the  peptide  after  hydrogen/deuterium  exchange.  This  information  places  significant 
restraints  on  the  number  of  different  amino  acid  compositions  corresponding  to  the 
determined  molecular  weight  of  the  peptide  and  provides  an  efficient  filter  for  a  list  of 
candidate  sequences  provided  by  a  computer  interpretation  program  [6].  In  an 
extension  of  this  work,  the  present  paper  reports  results  of  collisionally  induced 
dissociation  (CID)  experiments  of  peptides  before  and  after  hydrogen-deuterium 
exchange  to  demonstrate  efficiency  of  our  approach  to  increase  accuracy  of  fragment 
ions  assignment. 

Results  and  Discussion 

Twenty  different  peptides  have  been  analysed  before  and  after 
hydrogen/deuterium  exchange  of  labile  protons  of  a  peptide  using  a  TSQ-700  triple 
sector  quadrupole  mass  spectrometer  (Finnigan  MAT,  San  Jose,  CA,  U.S.A.) 
equipped  with  a  standard  electrospray  ion  source;  low  energy  CID  spectra  were 
obtained  for  all  peptides  studied  using  Argon  collision  gas  introduced  into  the 
octapole  collision  cell.  Deuterium  exchanged  samples  were  prepared  by  dissolving 
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the  peptide  samples  in  50%  D}0,  methanol-D4.  Analysis  of  data  of  CID  spectra  of 
peptides  before  and  after  hydrogen/deuterium  exchange  has  shown  that  pathways  for 
fragmentation  are  not  significantly  affected  by  deuterium  and  shifts  of  masses  of 
fragments  after  deuterium  exchange  coincide  with  calculated  values.  Thus  the  CID 
spectrum  of  a  peptide  after  hydrogen/deuterium  exchange  can  be  used  to  confirm 
fragment  ion  assignments  and  is  especially  valuable  when  there  is  ambiguity  in 
assignment  For  example,  one  of  the  main  difficulties  which  arises  in  sequencing  of 
an  unknown  peptide  is  the  mass  redundancy  associated  with  certain  combinations  of 
amino  acid  residues:  for  example  -Ala,  Gly-  and  -Gln/Lys-;  -Gly.GIy-  and  -Asn-; 
-Gly.Val-  and  -Arg-;  -Ala,Asp-  and  -Trp-;  -Ser.Val-  and  -Trp-;  -Gly,Leu-  and 
-Ala,Val-  etc.  Failure  to  observe  an  ion  resulting  from  cleavage  between  amino  acid 
pairs  can  result  in  misassignment  of  a  single  amino  acid  residue  for  what  is  actually 
an  amino  acid  pair.  For  example,  the  only  peptide  which  was  not  sequenced  correctly 
in  [7]  contained  -Ala-Gly-.  The  computer  interpretation  of  the  CID  spectrum  of  this 
peptide  gave  -Gin-.  Similar  problems  in  sequencing  an  unknown  peptide  are 
described  in  [8]  when  -Trp-  was  misassigned  in  place  of  -Val-Ser-.  The  authors  of  [9] 
emphasized  that  this  kind  of  problem  is  one  of  the  limitations  of  their  approach.  In 
most  such  instances  the  number  of  exchangeable  protons  in  fragment  ions  which  is 
available  from  comparison  of  CID  spectra  of  intact  peptide  and  deuterated  one, 
enables  one  to  resolve  ambiguities  in  assignment  of  these  fragment  ions. 


Fig.  1.  Collision-induced  dissociation  fragment-ion  spectra  of  the  single  protonated 
peptide  KGSGAV AS -amide.  Spectrum  A  is  for  the  ion  at  m/z  842  formed  by  electrospray 
from  20  pm/ pi  solution  in  50 %  aqueous  methanol.  Spectrum  B  is  for  the 
hydrogen/deuterium  exchanged  ion  at  m/z  864  obtained  by  electrospray  using  deuterated 
water  and  deuterated  methanol. 
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Figure  1  presents  CID  spectra  of  peptide  KGSGAVAS-amide  with  and  without 
deuterium  exchange.  It  is  clear  from  those  spectra  that  no  bond  cleavage  between 
glycine  and  alanine  observed.  However,  the  shift  of  B5  ion  from  401  to  410  after 
deuterium  exchange  provides  the  basis  to  make  correct  assignment  of  this  fragment  to 
KGSGA  (9  labile  protons)  rather  than  to  KGSQ  (10  labile  protons). 

Comparison  of  CID  spectra  of  peptides  before  and  after  deuterium  exchange  can 
be  especially  valuable  when  -A,G-;  -G,G-;  -G,V-;  -A.D-  etc.  are  the  first  two  residues 
of  a  peptide  since  very  often  there  is  no  cleavage  between  the  first  and  the  second 
residues  in  CID  experiments. 

Results  presented  show  that  hydrogen/deuterium  exchange  is  a  facile  technique 
which  has  the  potential  to  increase  the  efficiency  of  peptides  sequencing  by  mass 
spectrometry.  CID  spectra  of  peptides  after  hydrogen/deuterium  exchange  provide 
important  additional  information  about  peptide  which  can  be  especially  valuable 
when  incorporated  in  computer  interpretation  programs. 

References 

1 .  Biemann,  K„  Annu.  Rev.  Biochem.,  61  (1992)  977. 

2.  Hunt,  D.F.,  Henderson,  R.A,  Shabanovitz,  J.,  Sakaguchi,  K.,  Michel,  H., 
Sevilir,  N.,  Cox,  A.L.,  Apella,  E.  and  Engelhard,  V.H.,  Science,  255  (1992)  1261. 

3.  Vath,  J.E.  and  Biemann,  K.,  Int.  J.  Mass  Spectrom.  Ion  Processes,  100  (1990)  287. 

4.  Hunt,  D.F.,  Yates,  J.R.,  Shabanowitz,  J.  and  Winston,  S.,  Proc.  Natl.  Acad.  Sci. 
U.S.A.,  83  (1986)  6233. 

5.  Biemann,  K.,  In  McCloskey  (Ed.),  Methods  in  Enzymology,  Vol.  193,  Academic 
Press,  San  Diego,  CA,  U.S.A.,  1990,  p.445. 

6.  Sepetov,  N.F.,  Issakova,  O.L.,  Lebl,  M.,  Swiderek,  K.,  Stahl,  D.C.  and  Lee,  T.D., 
Rapid.  Comm.  Mass  Spectrom.,  7  (1993)  58. 

7.  Johnson,  R.S.  and  Biemann,  K.,  Biomed.  Environ.  Mass  Spectrom.,  18  (1988)  945. 

8.  Yates,  J.R.,  Griffin,  P.R.,  Hood,  L.E.  and  Zhou,  J.X.,  Techniques  Protein  Cbem.,  2 
(1991)  447. 

9.  Zidarov,  D.,  Thibault,  P„  Evans,  MJ.  and  Bertrand,  M.J.,  Biomed.  Environ.  Mass 
Spectrom.,  19  (1990)  13. 


261 


Ua 


Matrix-assisted  laser  desorption  mass  spectrometry 
of  enzymatic  digests  of  peptides  and  proteins 


S.  Stoeva,  G.  Grflbler,  S.  Httrger,  A.  Keen 
and  W.  Voelter 

Abtetiungfiir  Physikalische  Biochemie  des  Physiologisch-chemischen 
Institute  der  Universititt  Tubingen,  Hoppe-Seyler-Strafie  4, 
D-7400  Tubingen,  Germany 

Introduction 

The  formation  of  single-charged  molecular  ions  via  the  matrix-assisted  laser 
desorption  mass  spectrometer  system  (Lasermat,  Finnigan  MAT),  enables  the 
characterization  of  biomolecules  of  different  chemical  structures  [1,  2].  Various 
research  groups  [3-12]  have  reported  measurements  of  peptide  and  protein  ions  by  the 
matrix-assisted  laser  desorption  ionization  method.  Because  of  the  mild  ionization 
conditions  used,  LDMS  provides  an  excellent  method  of  fingerprinting  the  peptides 
released  by  chemical  or  proteolytic  cleavage  of  proteins  and  glycoproteins.  Unlike 
many  other  ionization  techniques  in  mass  spectrometry,  LDMS  is  extremely  tolerant 
to  some  buffer  salts  and  detergents.  Analysis  of  the  peptides  produced  is  therefore 
possible  directly  from  buffer  solutions.  The  advantage  of  LDMS  over 
chromatography  is  that  the  determined  molecular  weights  provide  a  basis  for  the 
suggested  identification  of  the  peptide  fragments  from  the  known  primary  structure  of 
the  protein. 

Results  and  Discussion 

Each  spectrum  exhibits  mainly  peaks  corresponding  to  the  protonated  molecular 
ion  for  each  fragment  in  the  digest  mixture.  The  molecular  weights,  determined  for 
thymosin  P4  and  09  at  0  min  incubation  time,  are  4965  Da  and  4718  Da, 
respectively,  corresponding  to  the  theoretical  values  from  die  sequence.  The  spectra 
indicate  that  the  starting  material  was  homogeneous.  Figures  1  and  2  show  the 
primary  structures  of  thymosin  f)4  and  P,  and  the  expected  Asp-N  cleavage  sites. 

Ac-Ser-Asp-Lys-Pro/-As|>-Met-A]a-Glu-I]e-Ghi-Lys-Phe/-Asp-Lys~Ser-Lys-Leu- 

Lys-Lys-Thr-Glu-Thr-Gln'-Glu-Lys-Asn-Pro-Leu-Pro-Ser-Lys-Glu-Thr-ne-Glu-Gln- 

Glu-Lys-Gln-Ala-Gly-Glu-Ser-OH 

Fig.  1.  Primary  structure  and  cleavage  sites  of  thymosin  f)4  caused  by  the  endoproteinase 
Asp-N. 
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Ac-Ala-Asp-Lys-PnV-A^>-Leu-Gly-Glu-ne-Asn-Ser-Phe/-Asp-Lys-Ala-Lys-Leu- 

Lys-Lys-Tte-Glu-Thr-Gln/-Gta-Lys-Asn-Thr-Leu-Pro-Thr-Lys-Glu-Thr-Ile-Glu-Gln- 

Ghi-Lys-Gln-Ala-Lys-OH 

Fig.  2.  Primary  structure  and  cleavage  sites  of  thymosin  fi9  caused  by  the  endoproteinase 
Asp-N. 

Tables  1  and  2  list  the  masses  of  the  thymosin  p4  and  P9  Asp-N  fragments  obtained 
after  LDMS  measurements.  The  data  arc  averages  from  6  spetfra. 

Table  1  Molecular  masses  of  the  Asp-N  fragments  of  thymosin  f$4 


fragment 

Calc.  (MH+) 

Detennined 

Error 

%  Dev. 

1-4 

488.50 

488.57 

0.07 

0.014 

5-12 

983.10 

983.02 

0.08 

0.009 

13-23 

1306.48 

1307.21 

0.73 

0.056 

13-34 

3532.12 

3533.58 

1.46 

0.041 

24-43 

2243.40 

2244.93 

1.53 

0.068 

1-43 

4964.48 

4965.02 

0.54 

0.011 

Table  2  Molecular  masses  of  the  Asp-N  fragments  of  thymosin  fl9 


Fragment 

Calc.  (MH+) 

Detennined 

Error 

%  Dev. 

1-4 

472.50 

471.93 

0.57 

0.120 

5-12 

894.93 

895.% 

1.03 

0.115 

13-23 

1290.48 

1291.04 

0.56 

0.043 

13-41 

3388.17 

3388.23 

0.06 

0.002 

24-41 

2116.35 

2116.11 

0.24 

0.011 

1-41 

4717.26 

4718.76 

1.50 

0.032 
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These  values  are  compared  with  the  theoretical  ones,  calculated  on  the  basis  of  the 
sequence.  Four  of  die  mass  values  are  between  1  and  2  Da  in  error.  In  the  case  of 
the  5-12  pp  fragment  (894,93  Da)  this  is  due  to  the  peak  of  low  intensity.  The  errors 
for  the  peaks  3532  Da  (04  fragment  13-43),  2243  Da  (P4  fragment  24-43)  and  4717 
Da  (P,)  are  caused  by  the  relatively  high  laser  power  applied,  necessary  to  detect  the 
peaks  of  minor  intensity.  In  the  course  of  digestion  a  shifting  of  the  peaks  from 
higher  to  lower  masses  was  observed.  It  should  be  mentioned  that  fragments  with 
masses  below  500  Da  (1-5  amino  acid  residues)  are  difficult  to  detect  due  to  the 
interference  with  matrix  peaks.  For  this  reason,  spectra  of  the  tryptic  fragmentation 
of  thymosin  P4,  P,  and  ubiquitin  are  not  presented.  After  a_,  incubation  time  of  2  and 
4  hours  of  thymosin  P4  and  P9  with  the  Asp-N  proteinase,  still  a  considerable 
amount  of  starting  material  was  detected.  Final  digestion  of  both  substrates  was 
observed  after  8  hours.  No  peaks  due  to  thymosin  P4  (4965  Da)  or  P9  (4717  Da) 
were  found  in  the  corresponding  reaction  mixtures. 

These  two  examples  clearly  show  how  the  kinetics  of  the  digestion  can  rapidly 
be  monitored  using  the  Lasermat  mass  spectrometer.  This  method  allows  to 
optimize  the  digest  conditions,  particularly  for  fragmenting  a  new  protein.  It  requires 
minimal  time  and  picomole  quantities  for  sample  preparation  and  is  also  tolerant  to 
buffer  salts. 
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Introduction 

Eclosion  hormone  (EH)  is  an  excellent  small  protein  model  system  for  studying 
protein  folding,  stability,  neuropharmacology  and  developmental  neurobiology.  In 
insects,  EH  triggers  eclosion  behavior  and  during  metamorphosis,  rewires  the 
nervous  system  to  serve  new  functions  [1].  Thus  EH  is  a  specific  neurodevelop- 
mental  stimulator  and  neurotoxin.  M.  sexto  EH  is  62  amino  acids  long  and  its 
native  conformation  is  stabilized  by  3  disulfide  bonds  [2].  This  sequence  is  long 
enough  to  contain  information  for  the  study  of  how  a  small  protein  neurohormone 
folds  to  form  a  surface  that  interacts  with  a  specific  biological  receptor.  The  small 
size  of  EH  makes  successful  synthesis  possible.  Through  chemical  synthesis 
unnatural  amino  acids  can  be  incorporated  as  probes  to  assess  different  factors 
governing  the  folding,  stability  and  biological  activity  of  proteins.  Analogs  of  EH 
are  being  developed  in  our  laboratories  to  determine  the  important  structural 
components  for  stability,  receptor  interaction  and  biological  action  of  the  hormone. 
Native  EH  (EHQ),  [Asn®]-EH  analog  (EHN),  and  a  chemically  stable  [Nle11,  Asn20, 
Nle24,  NpA28]-EH  analog  (EHS)  were  synthesized  with  Fmoc  solid-phase  peptide 
synthesis  (NpA:  L-3-(2-Naphthyl)-Alanine).  By  using  matrix-assisted  laser 
desorption  mass  spectrometry  (MALDI-MS),  a  purification  scheme  including  gel 
filtration  chromatography,  anion  exchange  chromatography,  and  reverse-phase  HPLC 
was  developed.  The  purified  peptides  have  been  characterized  via  MALDI-MS,  amino 
acid  analysis,  sequencing,  and  bioassay.  MALDI-MS  was  then  used  to  monitor  the 
protein  folding  process  of  EHS  and  bovine  pancreatic  trypsin  inhibitor  (BPTI). 

Resalts  and  Disc  ass  ion 

The  peptides  were  synthesized  using  Fmoc  chemistry  on  a  MilliGen  9050 
synthesizer  with  the  general  methods  similar  to  those  described  for  Tat  protein  [3] 
except  for  the  cleavage.  Upon  assembling  on  the  synthesizer,  the  peptide-resins  were 
cleaved  twice,  each  for  two  hours  at  25°C  with  93%  trifluoroacetic  acid  (TFA)+7% 
triisopropylsilane  (TIPS)  for  EHQ  and  EHN,  or  +7%  triethylsilane  for  EHS.  The 
crude  peptides  were  precipitated  in  ice  cold  anhydrous  ethyl  ether  containing  1% 
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P-mercaptoethanol  and  washed  thoroughly  with  the  same.  Crude  EHQ  was  analyzed 
with  MALDI-MS  (Figure  1  A).  The  components  in  crude  mixture  were  identified 


Fig.  1.  MALDl  mass  spectra  of  EHQ  during  each  purification  step  ( panel  A:  crude;  panel  B: 
after  gel  filtration;  panel  C:  after  ion  exchange  and  RP-HPLC). 

using  their  molecular  masses  (Table  1);  assumed  peptide  sequences  are  based  on  the 
assumption  that  impurities  are  due  to  the  N-terminal  truncated  peptides  in  the 
synthesis.  With  this  information,  a  purification  scheme  was  designed  as  follows:  (1) 
Sephadex  G-25  gel  filtration  chromatography  to  remove  peaks  1-3  of  lower  mass 
(Figure  IB);  (2)  anion  exchange  chromatography  and  reverse  phase  HPLC  to  remove 
peaks  4-6  of  higher  pi  (Figure  1C).  In  the  final  spectrum,  only  EHQ  and  its  doubly 
charged  signal  were  detected.  The  molecular  weight  of  purified  peptides  was  found  to 
be:  EHQ  6840  (calc.  6813);  EHN  6840  (calc.  6799);  EHS  6777  (calc.  6774).  The 
first  22  amino  acid  residues  from  N-terminus  for  all  three  peptides  were  correct  by 
sequence  analysis.  The  amino  acid  analysis  of  EHS  confirmed  the  expected 
composition.  EH  activity  in  partially  folded  protein  was  detected  in  all  three  peptides 
by  using  pharate  adult  of  Heliothis  virescens  in  vivo  assay  [2]. 


Table  1  Population  analysis  of  the  crude  EHQ  by  MALDI-MS 


Peak  No. 

Mass 

Assumed  Peptide  Sequence 

Pi 

1 

814 

AFFLNKL 

9.67 

2 

1272 

FASIAPFLNKL 

9.67 

3 

1879 

ffBCEDFASIAPFLNKL 

4.00 

4 

3104 

AE.IJPBCEDFASIAPFLNKL 

6.35 

5 

3270 

CAE...LIPECEDFASIAPRJVKL 

6.35 

6 

5005 

ANC...LCAE.IJPECEDFAS1APFLNKL 

7.74 

7 

7071 

NPA1A..NCANC.XCAE..JJPBCEDFAS1AITLNKL 

4.68 
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In  protein  folding  studies,  disulfide  bond  interactions  are  used  as  probes  to  detect 
and  to  trap  folding  intermediates  in  a  stable  form  by  alkylation  of  free  thiols  with 
iodoacetate  to  form  carboxymethyl  Cys  (CM-Cys).  Usually,  the  trapped  intermediates 
are  analyzed  with  electrophoresis  or  ion  exchange  chromatography .  However,  these 
techniques  are  time  consuming  and  less  sensitive.  With  MALDI-MS,  the  mass 
difference  between  the  reduced  species  and  the  partially  or  fully  folded  then  alkylated 
species  can  be  detected  with  only  a  fraction  of  the  amount  required  for  other  methods. 
Based  on  this  difference,  one  can  calculate  the  number  of  carboxymethyl  moieties, 
thus  the  free  thiols  at  the  stage  of  quenching.  Figure  2  is  the  mass  spectra  of  EHS 
refolding  intermediates.  Protein  was  denatured  and  reduced  initially  with  6  M 
guanidine  hydrochloride  (Gdn*HCl),  then  dialyzed  against  redox  buffer  with  decreased 
GdnHHCl  concentration  in  a  Pierce  System  100  microdialyzer  at  a  continuous 
flowrate  of  0.2  ml  /  min.  The  preliminary  study  showed  that  in  2  M  Gdn*HCl,  BPTI 
started  to  fold  up,  and  after  dialysis  in  0  M  Gdn*HCl,  it  folded  to  the  conformation 
with  three  disulfides  (data  not  shown).  For  EHS,  the  folding  did  not  start  until  1.5M 
Gdn*HCl  and  went  to  completion  within  1  concentration  unit  of  Gdn*HCl, 
suggesting  that  EHS  folding  was  more  cooperative  than  BPTI. 


Fig.  2.  MALDI  mass  spectra  of  EHS  folding  intermediates  at  different  [GdmHCl]. 

MALDI-MS  is  a  powerful  tool  for  accurate  mass  analysis  of  molecules  up  to 
hundreds  kilodaltons  with  an  accuracy  of  ±0.1%  and  picomoie  sensitivity.  The 
analysis  takes  about  5  minutes.  Most  importantly,  it  doesn't  require  sample 
purification.  By  virtue  of  these  properties,  it  has  broad  application  in  biomolecular 
analysis.  It  provides  valuable  information  for  synthetic  peptide  purifications  and 
characterizations.  Preliminary  studies  indicate  that  it  has  a  potential  as  a  better 
alternative  to  electrophoresis  for  monitoring  protein  folding  and  identifying  folding 
intermediates. 
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Introduction 

Molecular  mimicry  of  peptides  depends  on  two  factors:  the  ensemble  of 
pharmacophoric  information  present  in  the  primary  sequence,  and  the  three- 
dimensional  presentation  of  this  information.  A  successful  peptidomimetic  must 
meet  these  two  criteria  in  order  to  retain  significant  bioactivity.  One  approach  toward 
the  discovery  of  peptidomimetics,  which  has  met  with  some  success,  involves  the 
screening  of  chemical  libraries  or  natural  products  [1].  However,  a  rational  strategy 
for  the  discovery  of  nonpeptide  ligands  remains  elusive.  Our  approach  to  the  design 
of  peptidomimetics  has  been  guided  by  the  simple  elegance  which  nature  has  utilized 
in  the  molecular  architecture  of  proteinaceous  species.  Three  basic  building  blocks 
(a-helices,  P-sheets  and  reverse  turns)  are  utilized  for  the  construction  of  all 
proteins.  We  are  involved  in  the  design  and  synthesis  of  peptidomimetic  prosthetic 
units  to  replace  these  three  architectural  motifs.  This  is  affording  us  the  opportunity 
to  dissect  and  investigate  complex  structure-function  relationships  in  proteins 
through  the  use  of  small  synthetic  conformational ly  restricted  components.  This  is  a 
critical  step  toward  the  rational  design  of  low  molecular  weight  nonpeptide 
pharmaceutical  agents,  devoid  of  the  shortcomings  of  conventional  peptides. 

Results  and  Discussion 

The  belief  that  turns  play  critical  roles  in  a  myriad  of  molecular  recognition 
events  led  us  to  focus  our  initial  efforts  on  the  design  of  reverse  turn  mimetics  [2]. 
Beta-turns  comprise  a  rather  diverse  group  of  structures;  therefore,  no  one  rigid 
framework  will  suffice.  Synthetic  expediency  is  a  major  concern,  particularly  at  an 
early  stage  when  the  delineation  of  structure-activity  relationships  is  critical,  and 
requires  the  synthesis  and  evaluation  of  a  series  of  related  structures.  With  these 
criteria  in  mind,  we  have  developed  system  L  whose  retrosynthetic  strategy  is 
outlined  in  Scheme  1. 
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The  synthesis  of  the  reverse  turn  mimetic  can  be  performed  in  solution; 
however,  it  is  designed  to  be  and  is  fully  compatible  with  SPPS  protocols  [3].  In 
essence,  it  involves  the  coupling  of  the  first  modular  component  piece  2  to  the 
amino  terminus  of  a  growing  peptide  chain  Coupling  of  die  second  component  4, 
removal  of  the  protecting  group  P  and  subsequent  coupling  of  the  third  modular 
component  £  provides  the  nascent  ^-turn  jfc.  The  critical  step  in  this  sequence 
involves  the  use  of  an  azetidinone  as  an  activated  acyl  species  to  effect  the 
macrocyclization  reaction  [4,  3].  Upon  deprotection  of  P,  nucleophilic  opening  of 
the  azetidinone  by  the  X  moiety  closes  the  ring  and  generates  a  new  amino  terminus 
for  continuation  of  the  synthesis.  An  important  feature  of  this  scheme  is  the  ability 
to  aha-  the  X-group  linker,  both  in  regard  to  length  and  degree  of  rigidity/flexibility. 
The  requisite  stereogenic  centers  are  readily  derived,  principally  from  the  “chiral 
pool.”  The  synthesis  allows  for  the  introduction  of  natural  or  unnatural  amino  acid 
side  chain  functionality  in  either  L  or  D  configuration.  Additionally,  deletion  of  the 
second  modular  component  4  provides  access  to  y-turo  mimetics  [6]. 

Recently,  we  have  been  addressing  the  problem  of  the  topological  relationship 
between  morphine  and  enkephalin.  The  inherent  mobility  of  the  enkephalin 
framework,  its  rapid  degradation  in  vivo  and  the  existence  of  multiple  receptor 
subtypes  have  hampered  the  assessment  of  its  bioactive  conformations  [7,  8]. 
Conformationally  constrained  peptides  or  peptidomimetics  should  facilitate  this  task 
[9,  10].  Several  turn  conformations  have  been  proposed  based  upon  computational 
models.  X-ray  crystallography  and  spectroscopic  studies  {10,  11].  In  an  effort  to 
probe  the  receptor  bound  conformation  of  leucine  enkephalin,  we  have  synthesized  a 
family  of  nonpeptide  mimetic  structures  which  incorporate  a  4— »1  {Murn  prosthetic 
unit  (Figure  1). 
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The  lowest  energy  conformer  of  the  10  membered  ring  system  2  is  an  excellent 
mimic  of  an  idealized  type  F  P~tum  (6  atom  tins  deviation  0.22.  A)  and  overlays  well 
with  the  critical  Phe4  aromatic  ring  and  tyramine  moieties  of  PET.  Yet  it  is 
essentially  devoid  of  biological  activity.  Only  the  14- membered  ring  analog  2, 
which  has  a  rather  expanded  loop  structure  demonstrates  any,  albeit  minimal,  binding 
activity  at  die  it  or  8  receptor.  The  results  of  this  investigation  can  be  interpreted  as 
casting  significant  doubt  on  die  biological  relevance  of  a  4— »1  (Mum  conformation 
for  enkephalin.  During  the  molecular  graphics  investigation,  we  noted  that  by 
merely  inverting  the  asymmetric  cento'  containing  the  tyramine  moiety,  we  could 
achieve  a  superior  fit  between  die  10  membered  ring  analog  H  and  PET  (Figure  2). 
The  synthesis  of  H  has  been  completed  and  its  biological  evaluation  is  in  progress. 


PET:  7-{l-phenyl-3-hydroxybutyl-3-]endoehenotetrahydro(hebaine 

Fig.  2.  The  tyramine  and  phenyl  ring  moieties  of  enkephalin  mimetic  LL  (solid  line)  can 
be  perfectly  aligned  with  those  of  the  morphine  analog  PET,  7-1  l-phenyl-3-hydroxybutyl- 
3-J  endoethenotetrakydrothebaine  (dashed  line)  by  a  flexible  fitting  procedure  without  any 
steric  conflict. 
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Peptidomimetics  are  powerful  tools  for  the  study  of  molecular  recognition.  As 
such,  they  represent  a  critical  step  toward  the  rational  design  of  low  molecular  weight 
nonpeptide  pharmaceutical  agents.  The  possibilities  opened  up  by  synthetic  mimetic 
technology  are  in  their  infancy.  We  have  focused  here  on  our  work  with  reverse  turn 
mime  tics.  Additionally,  similar  approaches  are  underway  in  our  laboratory  utilizing 
ot-helical  and  (J-sheet  secondary  structure  mimetic s.  Further  work  should  provide 
important  information  to  better  understand  the  processes  of  molecular  recognition  and 
aid  in  the  rational  design  of  nonpeptide  therapeutic  agents  from  proteinaceous  leads. 
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Introduction 


The  nonapeptide  hormone  oxytocin  (OT)  plays  a  key  role  in  the  initiation  and 
maintenance  of  uterine  contractions  of  latxx.  The  potential  utility  of  an  antagonist 
of  OT  at  the  uterine  receptor  has  been  demonstrated  in  recent  clinical  studies  in  which 
intravenous  (i.v.)  atosiban  (ORF  22164;  Figure  1),  an  antagonist  analogue  of  OT, 
was  shown  to  be  efficacious  in  inhibiting  uterine  contractions  in  women  with 
threatened  and  established  preterm  labor  [1].  Historically,  OT  antagonists  have  been 
derived  from  structural  modifications  to  OT  and  the  related  hormone,  arginine 
vasopressin  (AVP).  We  recently  reported  the  development  of  a  new  structural  class 
of  cyclic  hexapeptide  OT  antagonists,  e.g.,  L- 366,948  (Figure  1),  based  on  a 
fermentation  product  identified  through  receptor-based  screening  [2].  The  poor  oral 
bioavailability  of  peptidyl  OT  antagonists  such  as  ORF  22164  and  L-366,948  places 
certain  limitations  on  their  potential  utility  as  therapeutic  agents.  An  ideal  tocolytic 
agent  would  have  suitable  aqueous  solubility  to  allow  i.v.  formulation  for  acute 
administration  as  well  as  good  oral  bioavailability  far  subsequent  outpatient  use  until 
the  end  of  gestation.  Advances  toward  this  goal  were  recently  reported  by  Evans  [3] 
and  Pettibone  [4]  with  die  development  of  the  non-peptide  OT  antagonist,  L-366,509 
(Table  1),  starting  with  a  lead  identified  from  receptor-based  screening  of  the  Merck 
chemical  sample  collection. 


AIm>—  (OBF  22164)  L-3M34S 

Fig.  1.  Examples  of  peptidyl  oxytocin  antagonists  from  the  oxytocin  analogue  class  and 
cyclic  hextgfepUde  doss. 
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Herein  we  report  poteacy-eahacing  modifications  to  the  L- 366,509  structure 
that  have  led  to  L-368,899,  a  potent,  soluble,  and  orally  bioavailable  OT  antagonist 
with  properties  suitable  for  clincial  testing  as  an  i.v.  and  oral  tocolytic  agent 

Results  aad  Discussion 

A  number  of  modifications  to  the  spiroindeny  lpiperidine  (SI)  portion  of  L- 
366,509  were  investigated  with  the  finding  that  die  SI  group  could  be  replaced  with 
an  ortfiotolylpiperazine  (TP)  group  without  loss  of  OT  receptor  affinity  (cf.  1  and  2, 
Table  1).  The  SI  and  TP  groups  are  topologically  similar  as  evidenced  by  the  X-ray 
crystal  structures  of  the  oxime  of  1  aad  ketone  2.  The  phenyl  and  piperidine  rings  of 
die  SI  group  are  orthogonal  due  to  the  covalent  constraints  of  die  spiro  linkage,  and 
the  orrAo-methyl  substituent  of  the  TP  group  provides  a  non-covalent  means  of 
favoring  a  twisted  orientation  of  the  phenyl  and  piperazine  rings.  This  out-of-plane 
orientation  is  preferred  at  die  receptor  as  inferred  from  die  low  affinity  of  the  analogue 
of  2  lacking  an  o/fho-substituent  (ICjq  >30,000  nM),  the  X-ray  crystal  structure  of 
which  shows  a  nearly  coplanar  relationship  of  the  phenyl  and  piperazine  rings. 

Molecular  modeling  studies  using  die  X-ray  crystal  structure  of  2  and  an  NMR- 
consistent,  low  energy  conformer  of  the  cyclic  hexapeptide  OT  antagonist  L-366,948 
reveals  a  good  alignment  of  2  with  the  critical  D-Nal2-De3  portion  of  the  peptide, 
suggesting  that  the  TP-  or  Sl-camphorsulfonamide  group  functions  as  a  dipeptide 
mimetic.  This  alignment  also  indicates  that  substitutions  on  the  endo  face  of  the 
camphor  ring  would  be  oriented  toward  other  regions  of  the  peptide  structure, 
consistent  with  SAR  studies  in  which  certain  endo  but  not  exo  substitutions  on  the 
camphor  ring  were  found  to  enhance  OT  receptor  affinity.  A  prominent  example  of 
such  a  potency-enhancing  substitution  is  the  analogue  which  contains  an  endo- L- 
glutaminylamino  group  (3,  Table  1).  SAR  studies  with  analogues  of  3  demonstrated 
the  important  role  of  a  properly  placed  hydrogen  bond  accepting  gro up  in  the  endo 
substituent  side  chain  for  obtaining  high  OT  receptor  affinity  (e.g..  Gin  =  Met(0)2  > 
Asn  >  D-Gln  >  Leu).  Molecular  modeling  studies  using  the  dipeptide  mimetic 
paradigm  indicate  that  the  important  hydrogen  bond  accepting  group  in  3  can  overlap 
with  the  Pip5  or  D-His6  amide  oxo  groups  of  L-366,948.  Modeling  studies  are 
currently  underway  to  establish  a  structural  relationship  of  compounds  such  as  3  with 
antagonist  analogues  of  OT,  e.g.  as  a  mimetic  of  the  D-T yrfEt^-Ile^Thr4  tripeptide 
of  ORF  22164. 

Compound  3  antagonized  OT-stimulated  uterine  contractions  in  vivo  in  the  rat 
by  the  i.v.  route  but  only  very  weakly  by  the  intraduodenal  (i.d.)  route  (Table  1). 
Good  OT  receptor  affinity  and  selectivity,  as  well  as  improved  in  vivo  properties 
resulted  with  L-368,899,  the  analogue  of  3  in  which  the  dihydro-SI  group  is  replaced 
with  TP  and  L-glutamine  is  replaced  with  L-methkmine  sulfone  (Table  1).  L-368,899 
was  characterized  as  a  potent,  competitive  antagonist  of  OT-stimulated  uterine 
contractions  of  the  isolated  rat  uterus  (pA2  =  8.9)  and  exhibited  potent  and  long 
lasting  antagonism  of  OT-stimulated  uterine  contractions  in  vivo  in  the  rat  by  both 
the  i.v.  and  i.d.  routes  of  administration.  L-368,899  administered  alone  did  not 
exhibit  agonist-like  effects  on  the  in  situ  rat  uterus,  nor  did  it  block  the  contractile 
effects  of  bradykinin  or  prostaglandin  F^.  In  the  pregnant  rhesus  monkey,  L-368,899 
given  i.v.  was  a  potent  antagonist  of  both  OT-induced  and  spontaneous  nocturnal 
uterine  contractions.  L-368,899  also  exhibits  good  affinity  for  the  human  uterine 
receptor  (ICjq  ■  26  nM),  has  good  aqueous  solubility,  is  orally  bioavailable  in  the 
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rat,  dog,  and  chimpanzee,  and  shows  no  adverse  effects  in  acute  toxicological  studies 
[Pettibone,  in  preparation].  Because  of  these  favorable  characteristics,  L-368,899  has 
recently  entered  clinical  studies  for  testing  as  an  i.v.  and  oral  tocolytic  agent. 


Table  1  In  vitro  receptor  affinities  and  in  vivo  antagonist  potencies  for  inhibition  of 
oxytocin-induced  uterine  contractions 


O-" 

TP 

Cptt 

SI 

O  ^ 

0^//  i 

\  X"s" 

Rando 

compound 

Rnxo 

R*ndo 

L-366,509 

SI 

OH 

CH2CO2H 

1 

SI 

=0 

2 

TP 

=0 

3 

SIa 

H 

NHCOCH(NH2)CH2CH2CONH2 

L-368,899 

TP 

H 

NHC0CH(NH2)CH2CH2S02CH3 

IC50  (nM) 

AD50  (mg/kg) 

[3HJ-OT 

[^l-AVP 

[^HJ-AVP 

in  situ  rat  uterus 

compound 

rat  uterus 

rat  liver  Vi, 

rat  kidney  V2 

i.v.  i.d. 

L-366,509 

780 

89,000 

83,000 

1 

1,800 

>100,000 

>100,000 

2 

770 

29,000 

>100,000 

3 

11 

2,300 

5,100 

ca.  2  >30 

L-368,899 

8.9 

370 

570 

0.35  7.0 

*1110  indene  double  bond  is  reduced  to  die  corresponding  indane  analogue 
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Introduction 

We  have  proposed  a  general  approach  for  constraining  peptides  with  covalent 
hydrogen  bond  mimics  [1].  It  is  based  on  observations  that  different  structures  in 
proteins  share  a  common  feature,  the  amide-amide  hydrogen  bond  (NH»*«0=CRNH) . 
On  average,  one-half  of  the  amino  acids  in  globular  proteins  form  main  chain  amide- 
amide  hydrogen  bonds.  Furthermore,  secondary  and  irregular  structures  can  be  defined 
by  distinct  main  chain  hydrogen  bonding  patterns.  We  have  developed  synthetic 
techniques  for  replacing  this  weak  hydrogen  bond  with  two  covalent  mimics,  an 
amidinium  link  (N-CR=N(H+)CH2CH2)  and  a  hydrazone  link  (N-N=CHCH2CH2). 
The  amidinium  link  has  been  shown  to  fold  tetrapepddes  into  the  Type  1  reverse  turn 
[2, 4,  5]  while  the  hydrazone  link  folds  peptides  into  the  alpha  helix  [2-6]. 

In  order  to  facilitate  and  extend  the  use  of  hydrogen  bond  mimics,  we  have 
developed  a  protocol  for  the  insertion  of  the  hydrazone  link  into  peptides  during  solid 
phase  synthesis.  This  protocol  has  been  adapted  in  our  laboratory  for  multiple 
constrained  peptide  syntheses  (MCPS)  of  alpha  helices  and  loops  which  are  rinding 
novel  uses  in  structural  studies  [6]  and  in  vaccine  research  [S,  7,  8,  10, 11]. 

Results  and  Discussion 

A  protocol  for  the  insertion  of  the  hydrazone  link  into  peptides  on  the  solid 
support  is  outlined  in  Fig.  1.  These  syntheses  require  the  preparation  of  three 
modified  amino  acids  and  otherwise  employ  standard  Fmoc  synthesis  on  the  TFA 
labile  Rink's  amide  resin.  [( 1  -propy lidene-2-Fmoc)hydrazir>o]  acetic  acid  is  employed 
for  inserting  Z  in  the  peptide  chain.  Fmoc  amino  acid  chlorides  are  used  to  extend  Z 
by  one  amino  acid  and  the  peptide  is  end -capped  with  J,  5,5-dimethoxy-l- 
oxopentanoic  acid.  Cyclization  is  carried  out  on  the  solid  support  with  two 
equivalents  of  HC1  in  20%  trifluoroethanol/DCM.  The  complete  synthesis  can  be 
carried  out  manually  or  in  part  with  machine  assistance.  We  currently  synthesize  20- 
30  cyclic  peptides  simultaneously  using  T-bags"  [9]  and  machine  assistance  from  an 
ACT  330  multiple  peptide  synthesizer  (Advanced  Chem.  Tech.,  Louisville,  KY). 
Cyclized  peptides  are  cleaved  from  the  resin  and  protecting  groups  removed  with  5% 
water,  trifluoroacetic  acid.  Crude  cyclic  peptides  are  precipitated  from  the  cleavage 
solution  with  diethyl  ether  and  purified  by  HPLC  on  reverse  phase  C-18  columns 
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using  water-acetonitrile  (0.1%  TFA)  gradients.  Loops  enclosing  up  to  eighteen 
amino  acids  have  been  synthesized.  Yields  of  purified  products  range  from  about  5- 
10%  for  loops  to  about  20%  for  helical  peptides.  However,  yields  are  determined  by 
the  size  and  sequence  of  the  peptide  and  can  be  lower.  Purified  constrained  peptides 
are  routinely  identified  by  FAB  MS.  Selected  loops  and  helices  have  been  analyzed 
using  2D  NMR  spectroscopy  to  confirm  the  composition  and  position  of  the 
hydrazone  link.  Further  studies  are  directed  to  conformational  analyses  (5-7, 10]. 


C}*H-  I  -Q-P-G-R-A-F-G -S-Q-NH 
I  I 

It  Pac 

jK-A-g-A-R-Q-A-H-C-N-  I  -S-R-A-K-C-NH 
I  II  II  II 

Paw  TrtAc*  But  Pac  BocTH 


1HCVCF3CH2OH/CH3CI2/IO  min 
TFAHjO 

JjJ-H-  I  -G-P-G-R-A-  F-G^-G-NH*  Loop 
fS^L-A-d-A-R-Q-A-H-C-N-  I  -S-R-A-K-C-NH*  H*Ux 

O 

CH»— gT  O  MH* 

Fig.  1.  Modular  synthesis  of  constrained  peptides  on  the  solid  support  with  a  covalent 
hydrogen  bond  mimic. 


More  than  a  hundred  peptides  have  been  constrained  to  alpha  helices  and  loops 
on  the  solid  support  by  substituting  structure  defining  hydrogen  bonds  with  the 
hydrazone  covalent  hydrogen  bond  mimic.  These  peptides  are  chemically  stable  in 
water  at  neutral  pH.  The  substitution  of  an  (i,  i  +  4)  hydrogen  bond  in  the  first  turn 
of  an  alpha  helix  yields  a  nucleation  site  (NucSite)  which  stabilizes  peptides  as  full 
length  alpha  helices  in  water  [4-6]  while  the  substitution  of  predicted  hydrogen  bonds 
more  remote  in  sequence  yields  midsized  loops  with  enhanced  biological  properties 
[5,7,8,10,11]. 

Paradoxically,  an  important  property  of  the  hydrazone  linker  may  be  its 
flexibility.  Amino  acids  linked  by  hydrogen  bonds  in  proteins  assume  different 
spatial  orientations  determined  by  the  amino  acids  and  their  local  and  global  contexts. 
While  a  covalent  hydrogen  bond  mimic  is  designed  to  replace  the  hydrogen  bond,  its 
wider  use  is  dependent  on  its  adaptability  to  different  spatial  and  steric  requirements. 
The  hydrazone  link  appears  to  meet  these  requirements.  As  amino  acids  are 
substituted  in  NucSite,  a  13-membered  ring,  its  ability  to  nucleate  alpha  helix 
formation  has  been  found  to  be  exquisitely  sensitive  to  the  particular  substitution  [6]. 
This  demonstrates  both  the  flexibility  and  steric  compatibility  of  the  linker  and 
shows  how  different  amino  acids  in  die  context  of  the  link  can  be  brought  to  bear  on 
structure. 

The  same  phenomenon  may  be  important  for  loops.  The  hydrazone  link  has 
been  used  to  constrain  malaria  peptides  to  loops  that  bind  monoclonal  and  polyclonal 
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antibodies  with  conformational  requirements  [7,  8].  Remarkable  improvements  in 
antigenicity  are  observed,  providing  a  method  for  identifying  antibodies  to 
conformational  epitopes  [7,  8].  These  antigenic  loops  have  been  used  to  co¬ 
crystallize  neutralizing  Fabs  for  the  malaria  parasite  [7]  and  HIV- 1  [10]  and  for 
isolating  a  neutralizing  human  Fab  to  HIV-1  from  a  combinatorial  Fab-phage  library 
derived  from  an  infected  individual  [1 1], 

Approximately  50%  of  the  amino  acids  in  globular  proteins  fold  into  alpha 
helices  and  loops  which  are  often  exposed  on  the  surface  of  proteins.  Secondary 
structure  predictions,  NMR  and  protein  crystal  structures  and  homologous  proteins 
provide  many  targets  for  the  peptide  mimetic  chemist.  The  hydrogen  bond  mimic 
approach  has  yielded  a  powerful  tool  for  folding  peptides  for  use  in  identifying 
determinants  of  protein  structure,  for  structure-function  studies  and  for  drug  and 
vaccine  design. 
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Introduction 

In  an  effort  to  produce  compounds  with  enhanced  binding  affinity  for  renin,  we 
prepared  a  series  of  tetrapeptide  mimetics  with  a  1,2-hydroxyaminoethylene  group 
connecting  the  P,  and  P,’  residues.  We  hoped  to  obtain  increased  activity  compared 
to  the  1,2-dihydroxyethylene  class  of  renin  inhibitors  [1]  by  adding  a  potential  ionic 
bond  between  the  amino  group  of  the  1 ,2-hydroxyaminoethylene  linkage  and  the 
carboxylate  group  of  Asp  21S  at  the  cleavage  site  of  renin.  During  the  course  of  this 
work,  a  publication  by  Rosenberg  et  al.,  [2]  called  our  attention  to  the  possibility 
that  1,2-hydroxyazidoethylene  derivatives  obtained  as  intermediates  in  our  syntheses 
could  be  potent  renin  inhibitors  themselves.  The  synthesis  and  renin  inhibition 
activities  of  these  derivatives  is  the  subject  of  this  report. 

Results  and  Discussion 

Scheme  1  outlines  the  synthetic  approach  that  was  used  to  prepare  both  the  1,2- 
hydroxyamino-  and  hydroxyazidoethylene  containing  renin  inhibitors.  The 
stereochemistry  and  location  of  the  hydroxy  and  azido  centers  in  compounds  4a-d  and 
14  were  determined  by  NMR  analyses  of  epoxides  3a-d.  13  and  of  oxazolidinones 
resulting  from  treatment  of  4a-d  and  H  with  NaH, 

The  results  of  renin  inhibition  testing  of  various  1 ,2-hydroxyamino-  and 
hydroxyazidoethylene  derivatives  are  shown  in  Table  1 .  These  results  show  that  the 
hydroxyamino  derivatives  are  poor  inhibitors  of  renin  with  IC50s  at  best  in  the 
micromolar  range.  Primary  amines  as  in  6b.  10  and  1&  are  known  to  form  solvated 
ammonium  groups  in  aqueous  solution  at  the  pH  (6.0)  of  the  renin  inhibition  assay. 
Perhaps  the  energy  required  to  desolvate  the  ammonium  group  is  not  compensated  for 
by  an  ionic  interaction  with  Asp  215  in  the  renin  active  site.  Alternatively,  maybe 
the  amino  group  is  not  positioned  properly  within  the  active  site  to  undergo  an  ionic 
interaction. 

The  1,2-hydroxyazidoethylene  derivatives  have  much  greater  renin  inhibition 
activities  than  their  corresponding  hydroxyamino  analogs.  The  stereochemistry  of 
the  most  active  isomer  in  the  hydroazido  series  is  the  same  as  that  reported  for  the 
most  active  isomer  in  the  dihydroxy  series  [1],  In  most  cases  the  renin  inhibition 


281 


R.G.  Almquist  et  aL 


Peptide  Mime  tics 


activities  of  these  isomers  are  also  similar  to  their  dihydroxyethylene  counterparts. 
However,  in  the  case  of  compound  20,  the  1 ,2-hydroxy azidoethylene  compound  has 
exceptional  renin  inhibition  potency.  Renin  binding  of  the  amino  terminal  t- 
butylsulfonyl  group  of  20  must  position  the  azido  group  so  that  it  can  participate  in 
exceptionally  tight  binding  with  renin.  A  Lineweaver-Burk  plot  of  the  interaction  of 
20  with  human  renin  shows  that  it  is  a  competitive  inhibitor  with  a  Kj  of  7.2  pM. 
This  makes  it  one  of  the  most  potent  renin  inhibitors  known. 

Scheme  1 


X 


Ri 


xor 


BocNH  COjMe  BocNH 

LJUL  1 J2 


^  f'Y 

BocNh'^-/  2*.  3R.4S 
O  2b.  3R.4R 


Compounds  LA  and  7-10.  R3  =  CH(CH3)2,  Rj  =  Morpholinyl-C02;  Compounds  11-18.  R/ 
=  cyclohexyl,  R2  =  morpholinyl-C02;  Compounds  19.  20.  Rj  =  Cyclohexyl,  R2  = 
tBuSOjCH 2-  (a)  D1BAL-H.  (b)  Phf  =  CHCH2CH(CH3)2.  (c)mCPBA.  (d)  NaNj,  NH4CI. 
(e)  HCUDioxane.  (f)  Z-L-Nal(l)-His-OH,  EDC.HCl,  HOBt,  NMM.  (g)  HS(CH2)^H,  Et3N. 
(h)  separate  ib.(3R,4S  isomer),  (i)  TFA-CH2Cl2.  (j)  Boc-L-His(Ts)OH,  Et}N,  DEPC.  (k) 
DEPC.Et yV.  (1)  HOBt,  MeOH. 
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Table]  Neman  renin  inhibition  activities 


No. 

R. 

r2 

r3 

Human  Renin 
ICjoOiM) 

2b 

Z-L-NaKD 

CH(CHj>2 

n3 

0.090 

6b 

Z-L-NaKl) 

CHCCH^ 

nh2 

>10 

2 

Morpho-COOCH(Bzl)CO 

CH(CH3>2 

n3 

0.110 

IS 

Morpho-COOCH(Bzl)CO 

CHCCH^ 

NHj 

>10 

12 

Morpbo-COOCH(Bzl)CO 

C«Hn 

N3 

0.0016 

14 

Morpho-COOCH(Bzl)CO 

c6h„ 

nh2 

2.8 

2Q 

/-BuS02CHjCH(Bzl)CO 

c6h„ 

n3 

0.000007 

Morpho  =  Morpholine 


The  azide  group  with  its  partial  negative  charge  on  the  nitrogen  attached  to 
carbon  may  be  able  to  form  a  strong  hydrogen  bond  with  a  proton  donor  such  as  Ser 
76  in  human  renin,  as  has  been  proposed  for  the  carboxytenninal  hydroxyl  group  of 
the  dihydroxyethylene  inhibitor  class.  The  idea  of  substituting  an  azido  group  for  a 
hydroxyl  group  may  prove  useful  in  designing  other  enzyme  inhibitors  or  peptide 
mimetics. 
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Introduction 

As  part  of  our  study  of  fi-tura  mimics  [1,  2,  3],  particularly  benzodiazepine  - 
based  (BZD)  mimics  (1),  we  examined  gramicidin  S  (GS)  as  a  model  system.  NMR 
studies  of  BZD-GS  2  showed  no  preferred  conformation.  This  was  surprising  since 
native  GS  has  a  very  stable  solution  conformation,  with  two  type  O'  P-turns 
connected  by  a  short  anti-parallel  sheet  [4],  and  is  considered  to  be  a  good  physical 
model  for  studying  potential  P-tum  mimics  [3].  Altering  the  GS  native  sequence  of 
Val-Prv  P-PheLeu  to  the  BZD  mimic  changes  four  residues  at  once,  alters  both  die 
symmetry  and  turn  type,  and  removes  the  Leu  and  Val  sidechains.  Molecular 
modeling  suggested  that  the  two  most  likely  reasons  for  the  observed  instability  are 
the  missing  Leu  and  Val  sidechains  and  the  turn  asymmetry  that  2  may  have.  We 
synthesized  and  analyzed  several  peptide  analogs  of  GS  (Fig.  1)  to  determine  which  of 
these  possibilities  cause  the  conformational  instability.  The  Leu  and  Val  residues 
were  replaced  with  Gly  in  3.  y-lac tarns  [5, 6]  were  used  to  constrain  one  turn  in  GS 
to  type  IT,  (4),  or  type  D  (5),  to  assess  the  effects  of  turn  asymmetry. 

Results  and  Discussion 

NMR  studies  of  3  in  methanol-d3  (Table  1),  indicate  it  adopts  a  solution 
conformation  which  is  very  similar  to  that  of  native  GS  in  methanol^.  The  same 
pattern  of  intra  molecular  hydrogen  bonding  is  found.  Both  the  amide  AS/AT  values 
and  JN_a  coupling  constants  support  this  observation.  Molecular  dynamics  (MD) 
studies  also  indicate  that  3  can  adopt  a  low  energy  conformation  which  is  very 
similar  to  that  of  native  GS.  The  RMS  difference  between  the  200  ps  MD  average 
conformation  of  3  and  a  low  energy  conformation  of  GS  [4]  is  0.52  A.  These  data 
indicate  that  3  does  adopt  a  GS-like  solution  conformation,  and  the  removal  of  the 
Leu  and  Val  sidechains  is  not  a  critical  factor  in  the  conformational  instability  of  2. 

Similar  NMR  results  were  obtained  for  4  in  methanol-d3  (Table  1).  In  4  the 
same  intra-molecular  hydrogen  bonding  pattern  is  found  with  approximately  the  same 
AS/AT  and  Jn^  values.  MD  studies  show  that  the  200  ps  average  conformation  of  4 
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Emeryville,  CA  94608,  U.S.A.;  1  cCorvas  International,  Inc.,  3030  Science  Park 
Road,  San  Diego,  CA  92121-1102,  U.S.A. 
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Pro5'-  Val1-His2-Gly3-D-Phe4 


4  S=L 

5  R=D 


D-Phe4-Leu3-Lys2-Valr-Ala^ 

i.  Si 

Pro5- Va^-Lys^Leu3- 


Fig.  1.  I.  benzodiazepine  fi-tum  mimic;  GS,  gramicidin  S;  2,  c(Val-Lys-BZD-Lys-Leu-D- 
Phe-Pro);  3,  [ Gly }  r-  His2,  LyP'lGS;  4.  [S-Lct*.  Ala1.  Ly^  JGS;  5,  [R-Lct*.  Ala 3 
Lya?rJGS. 


has  a  RMS  difference  of  0.48  A  from  GS.  The  results  for  4  indicate  that  an  adequate 
type  IT  P-tum  mimic  is  compatible  with  the  solution  conformation  of  GS. 

5  had  roughly  similar  NMR  parameters  as  4  but  also  showed  some  striking 
differences  (Table  1);  most  notable  were  differences  in  AS/AT  for  the  Leu3.  Also,  the 
D-Phe  and  lactam  JN.„'s  me  not  resolved  and  the  Leu3  coupling  changes  with 
temperature.  In  general,  the  Jnhx's  are  not  as  large  in  5,  indicating  the  solution 
structure  is  not  as  conformationally  stable  as  GS.  MD  studies  show  that  the  200  ps 
average  conformation  of  5  has  a  RMS  difference  of  0.86  A  from  GS.  These  results 
indicate  5  is  less  conformationally  stable  than  4  or  GS.  Since  the  D- lactam  mimics 
a  type  II  turn,  and  the  resulting  mixed  turn  type  compound  is  less  conformationally 
stable,  then  2  may  also  be  unstable  because  the  BZD  mimic  is  not  particularly  good 
at  mimicking  a  type  IT  turn. 
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Table  1  NMR  data  compared  to  GS  in  methanol-d3 


Residue  A&AT  (ppb/°C)  JN^  (Hz) 


GS 

3 

4 

5 

GS 

3 

4 

5 

D-Phe 

-7.1 

-8.2* 

-7.1 

-7.2 

3.0 

4.0 

3.0 

_b 

Leu 

-2.1 

-2.8 

-2.0 

+0.2 

9.5 

9.1 

8.7 

8.4C 

-2.6 

-1.8 

9.1 

7.6 

Gly 

-2.6 

1=9.1 

Oro(Lys,His) 

o 

NO 

l 

-6.5 

-5.0 

-5.1 

9.5 

8.1 

9.0 

8.5 

-6.5 

-5.9 

-4.3 

8.6 

9.0 

8.5 

Val 

-2.4 

-3.5 

-2.0 

-1.9 

9.0 

9.1 

9.2 

8.0 

-1.6 

-3.1 

9.2 

8.0 

Gly 

-2.9 

1=9.4 

Let 

-5.1 

-4.9 

6.6 

_b 

*resonances  degenerate.  bnot  resolved  ccoupling  disappears  with  AT. 


Using  asymmetric  peptide  analogs  of  GS  we  demonstrated  that:  the  loss  of  the 
Leu  and  Val  sidechains  is  not  the  reason  2  is  unstable;  4  adopts  a  conformation  very 
similar  to  that  of  native  GS,  which  appears  to  be  even  more  stable  than  GS  by  MD; 
5  also  adopts  a  conformation  very  similar  to  that  of  native  GS,  but  is  not  as 
conform ationally  stable  as  GS  by  NMR  and  MD. 

This  study  indicates  that  GS  is  sensitive  to  the  type  of  {i-turn  or  mimic  which 
is  incorporated  into  the  molecule.  Since  1  was  designed  to  be  a  general  fi-turn 
mimic,  it  may  not  mimic  the  type  II'  turn  well  enough  for  GS  to  adopt  a  stable 
conformation. 
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Introduction 

The  substitution  of  the  structure  defining  (i,  i  +  4)  amide  backbone  hydrogen 
bond  (NHO=RNH)  in  one  turn  of  the  alpha  helix  with  a  hydrazone  covalent 
hydrogen  bond  mimic  (N-N^CH-CHjCHt)  yields  a  nucleation  site  (NucSite).  When 
NucSite  is  covalently  linked  to  the  N-tenninus  of  test  peptides,  AE(OEt)E(OEt)- 
E(OEt)E(OEt>2  or  AEAAKA-NH2,  it  induces  full  length  alpha  helix  formation  in 
trifluoroethanol  [1]  and  water  [2]  at  ambient  temperatures. 

The  hydrogen  bond  mimic  is  part  of  a  flexible  linker  which  allows  peptides  to 
adapt  different  conformations  depending  on  the  amino  acid  context.  Here  we  explore 
the  role  that  different  amino  acids  in  NucSite  can  play  in  alpha  helix  induction.  By 
varying  amino  acids  in  NucSite,  alpha  helical  content  in  AEAAKA-NH2  can  be 
controlled  over  a  wide  range.  In  addition,  the  effect  of  Aib  on  conformation  and  helix 
stabilization  is  examined.  A  series  of  peptides  differing  only  in  the  extent  of  alpha 
helix  formation  could  find  important  uses  in  structure-reactivity  studies. 

Results  and  Discussion 

The  peptides  used  in  this  study  are  found  in  Fig.  1.  They  include  a  series  of 
NucSite-AEAAKA-NH2  peptides  with  amino  acid  substitutions  in  NucSite,  a 
corresponding  linear  peptide  and  a  parallel  series  of  NucSite-AEAAibKAib-NH2 
peptides.  The  syntheses  of  these  peptides  including  the  insertion  of  a  hydrogen  bond 
mimic  were  carried  out  on  the  solid  support  [3].  The  yields  of  purified  products  (20% 
in  most  cases)  were  sufficient  for  NMR  studies. 

Conformational  analysis  were  carried  out  using  NMR  spectroscopy  which 
provides  critical  distance  information  for  distinguishing  helix  types  [4].  Ail  NMR 
studies  were  carried  out  wifi)  peptides  in  10%  DtO/HjO  at  22°C.  Proton  chemical 
shift  assignments  for  the  linear  and  NucSite  peptides  were  made  on  the  basis  of  ID- 
NMR  (Fig.  2),  DQCOSY,  TOCSY  and  ROESY  2D-NMR  spectra.  NOT  profiles 
w ere  consistent  with  alpha  helix  formation.  In  particular,  sequential  aN(i,  i  +  3) 
and  a0(i,  >  +  3)  NOE'S  spanning  die  full  length  of  the  molecules  were  observed  for 
the  [LAJNucSite  and  [LP]NucSite  peptides  providing  strong  evidence  for  full  length 
alpha  helix  fonnatioa.  Ratios  of  aN(i,  i  +  3ya0(i,  i  +  3)  for  each  pair  of  protons 
spanning  LAZ  (L-leudne-L-alaniBe-N-aminoglycine)  in  NucSite  and  AEA  in  the 
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Fig.  2.  Amide  NH  region  of  the  ID  NMR  spectra  for  a  series  of  a  linear  and  NucSite 
peptides  which  differ  in  the  composition  of  the  nudeation  site  (10%  DjO/HjO,  22  *C). 
Signals  for  die  hydnatone  proton  N*CH  showing  changes  in  coupling  constants  and 
upfieML  shifts  for  the  A3,  A 6  and  terminal  NH  protons  are  indicated  with  the  solid  Imes. 
The  change*  in  costing  constants  art  correkued  with  an  upfieid  shift  in  the  amide  NH 
resonances  and  increases  in  alpha  helix  formation. 
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first  turn  of  the  tmdwlBd  alpha  helix  were  0. 1  -0.4  providing  strong  ngipart  for  alpha 
helix  nucleadon  as  opposed  to  310  helix  nudeation  [4].  The  substitution  of  Aib  for 
Ala  in  the  C-tenniaal  fragment  did  not  significantly  alter  these  ratios. 

Signals  for  the  N=CH  proton  show  targe  changes  in  coupling  constants  for 
N^CHCHj  indicating  a  change  in  the  conformation  of  NucSite  (Figure  2).  This  is 
accompanied  by  upfield  shifts  in  the  signals  for  amide  NH  protons  for  the  C-terminal 
fragment,  AAKA-NH  (Figure  2).  These  changes  are  consistent  with  NucSite 
conformation  governing  an  increase  in  alpha  helical  content  of  the  added  peptide  with 
helical  content  for  [LP]NucSite  peptide  >  [LA] NucSite  peptide  >  [DA]NucSite 
peptide  >  acety  1-GLAG AEAAKA- NH2 .  Ratios  of  aN(i,  i  +  l)/NN(i,  i  +  1)  have 
been  used  to  estimate  the  extent  of  alpha  helix  formation  [5].  By  these 
measurements,  [LAjNucSite  nucleates  alpha  helix  formation  in  about  40%  of  the 
added  peptide  while  [LP]NucSite  nucleates  about  63%.  Aib  substitution  at  the  C- 
terminus  may  increase  the  extent  of  nucleadon  slightly.  The  best  evidence  for  an 
increase  in  alpha  helicity  is  provided  by  an  increase  in  intensities  for  the  critical 
aN(i,  i  +  3)  and  a0(i,  i  +  3)  NOE's.  Intensities  for  [LPJNucSite  peptides  are  about 
double  those  for  [LAjNucSite  peptides.  The  [DAJNucSite  AEAAKA-NH2  shows 
only  one  weak  ap(i,  i  +  3)  NOE. 

A  consistent  picture  emerges  from  these  studies.  Amino  acid  substitution  in 
NucSite  can  be  used  to  govern  the  extent  of  alpha  helix  formation  in  an  appended 
peptide  over  a  wide  range.  Thus  the  helix  potential  of  individual  amino  acids  in  the 
context  of  the  flexible  hydrazone  covalent  hydrogen  bond  mimic  in  NucSite  are 
expressed.  Hydrogen  bond  mimics  wen  designed  to  take  advantage  of  position  and 
sequence  to  fold  peptides  into  conformations  governed  by  these  parameters  as  is 
evident  here. 
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Introduction 

Mime  tics  of  peptide  secondary  structure,  that  constrain  and  thereby  limit  the 
various  conformations  available  to  a  particular  peptide,  have  become  valuable  tools 
in  the  medicinal  chemist's  repertoire  for  the  design  of  novel  agonists  or  antagonists 
of  peptide  action  [1].  These  mimetics  can  define  various  aspects  of  the  biologically 
active  conformation  of  a  peptide  and  may  serve  as  a  template  for  tire  assembly  of 
pharmacophore  elements,  allowing  for  die  ultimate  design  of  non-peptide  agonists 
and  antagonists.  The  most  common  form  of  reverse  turn  found  in  small  peptides  is 
the  P-tum  (I),  which  is  defined  by  a  hydrogen  bond  between  the  carbonyl  of  the  first 
(i)  residue  and  the  amide  nitrogen  of  the  fourth  (i+3)  residue  of  the  reverse  turn  [2], 
The  P-tum  mimetic  (II)  was  designed  (Figure  1)  so  that  the  amide  bond  between  the 


Fig.  1.  Design  of  p- turn  mimetic  (It). 

first  (i)  and  second  (i+l)  residue  of  the  turn  was  replaced  with  a  tram  olefin  which 
was  then  bridged  via  two  methylene  units  to  the  nitrogen  of  the  fourth  residue  (i+3). 
The  result  is  a  {J-turn  mimetic  (U)  that  constrains  the  backbone  conformation  of  the 
turn  containing  residues  while  allowing  for  the  incorporation  of  the  requisite  side 
chains.  The  synthesis  of  6,  an  example  of  the  mimetic  (II),  and  its  incorporation 
into  the  model  enkephalin  peptide  8  is  described  below.  Enkephalin  was  chosen  as  a 
model  due  to  its  multiple  receptor  pharmacophores,  some  of  which  have  been 
proposed  to  contain  a  p-turn,  its  relative  structural  simplicity  and  its  use  as  a  model 
for  several  other  conformational  mimetics  [3], 
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The  synthesis  of  the  mimetic-containing  peptide  8  is  outlined  in  Fig.  2. 
Reductive  aminadon  of  the  aldehyde  1  [4]  with  protected  leucinol  gave  the  amine  2 
which  is  then  coupled  with  (Boc-Phe^O  to  give  3.  Hydrolysis  of  3  followed  by 
treatment  with  anhydrous  4N  HC1  in  dioxane  and  cyclization  gave  the  10-membered 
ring  mimetic  5.  The  primary  alcohol  in  5  was  converted,  via  the  Mitsunobu 
reaction  [3],  to  the  phthalimide  6  which  was  then  deprotected  and  coupled  to  Boc-Tyr- 
OH  to  give  7.  Final  deprotection  with  anhydrous  HF  gave  the  mimetic-containing 
peptide  8. 


Fig.  2.  Synthesis  of  ft- turn  mimetic-containing  peptide  8. 

The  affinity  and  biological  activity  of  8  are  presented  in  Table  1.  The  mimetic 
containing  peptide  8  retains  about  1%  of  the  affinity  of  [Leu5]-enkephalin  for  the  p 
receptor  while  showing  the  same  moderate  preference  for  p  receptors  over  5  receptors 
as  its  parent  peptide,  [Leu-ols]-enkephalin  9.  In  the  guinea  pig  ileum  (GPI)  assay 
the  mimetic  containing  peptide  8  behaved  as  a  partial  agonist,  producing  inhibition 
of  the  electrically  evoked  contractions  to  a  maximal  extent  of  30%  at  a  concentration 
of  lxlO-4  M.  These  results  indicate  that  the  introduction  of  the  mimetic  not  only 
reduces  receptor  affinity  but  also  affects  signal  transduction.  In  the  mouse  vas 
deferens  (MVD)  assay  8  was  virtually  inactive. 

Preliminary  molecular  modeling  studies  [6]  have  shown  that  the  10-membered 
ring  of  mimetic  (II)  has  several  accessible  low  energy  conformations,  the  lowest  of 
which  most  closely  resembles  a  Type  m  0-turn.  Further  work  is  needed  to  correlate 
these  low  energy  conformations  to  the  solution  conformation  of  8. 
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Table  1  Receptor  affinity  and  biological  activity  [7] 


Compound 

PHJDAGO 

Displacement 

Ki 

tnM) 

PHJDSLET 

Displacetnent 

Ki 

ftM)  . 

GP1 

IC30 

(nM) 

MVD 

ICjo 

(nM) 

8 

801±39 

5,6404340 

>24,600 

>114,000 

9 

1.9440.21 

31.140.4 

124423 

324414 

9.43±2.07 

2.5340.35 

246439 

11.441.1 

In  conclusion,  we  have  successfully  designed  and  synthesized  a  novel  p-tum 
mimetic  and  incorporated  it  into  a  linear  peptide.  The  low  affinity  and  reduced 
intrinsic  activity  of  8  may  be  due  to  die  fact  that  die  mimetic  favors  a  Type  in  P-turn 
conformation  instead  of  a  Type  I  or  Type  II  p-tum  conformations  that  have  been 
proposed  for  the  enkephalin  pharmacophores  [3].  Alternatively,  the  loss  of  affinity 
may  also  be  caused  by  some  structural  feature  inherent  in  the  mimetic  itself. 
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Introduction 

Interaction  between  ligands  and  their  respective  macromolecular  biological 
targets  relies  very  much  on  topochemkal  complementarity.  Peptides  play  different 
roles  in  many  regulatory  biological  processes.  They  act  as  hormones,  neuro- 
transmitters,  neuroregulators  and  neurotoxins.  Nevertheless,  due  to  their  peptidic 
nature  very  few  peptides  or  peptide  analogs  are  used  as  therapeutic  agents.  One  of 
the  major  efforts  in  modern  drug  design  is  the  search  for  non-peptidic  structural 
modifications  which  will  reproduce,  as  close  as  possible,  the  putative  bioactive 
biochemistry  and  therefore  mimic  die  biological  activity  of  the  original  peptide.  To 
this  end,  we  have  been  working  on  the  development  of  a  structural  isomerization  of 
amino  acids  in  which  the  side-chain  on  the  Co  is  shifted  to  the  adjacent  nitrogen. 
The  isomeric  peptide  obtained  as  a  result  of  this  operation  is  designated  as  "Shifty 
Peptide"  (c.g.  see  Scheme  1).  To  compensate  for  the  loss  of  chirality  at  the  Co,  that 
this  modification  entails,  we  decided  to  study  also  the  D-  and  L-alanyl  residues 
substituted  on  the  N  by  the  natural  side-chain.  These  residues  were  termed  "L-Ala 
and  D- Ala-Shifty  Analogs"  (e.g.  see  Scheme  1). 

Results  and  Discussion 


We  chose  substance  P-derived  hc  Aapeptide,  pGlu-Phe-Phe~Gly-Leu-Met-NH2,  as 
our  model  structure  for  testing  the  effect  of  a  single  "Shifty  Modification"  on 
biological  activity.  The  following  "Shifty  Analogs"  were  prepared  by  SPPS  purified 
by  RP-HPLC  and  characterized  by  amino  acid  analysis  and  FAB-MS: 


I.  [pGlu‘,N-BdGly’]SP(6-ll),II.  [pGhAN-BzlAla7]SP(6-ll),  ffl.  [pGlu6,N-Bzl- 
D-Ala7)SP(6-ll) 


IV.  lpGh«‘N-BzK31y»]SP(6-ll),V.  [pOhi6,N-BzlAlag]SP(6-ll),  VI.  [pGlu6,N- 
BzH>Ah^)SP(6-l  1) 

Latl0-iwitiftP "Shifty  Analogs" 


VII.  lpCHu«,N-iBuGly,#]SP(6-ll),  VIII.  [pGlu6,N-iBuAlaI0]SP(6-ll),  IX. 
(pGhA-K-iBo-D-A]a,«]SP(6>l  1) 
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"Shifty  Arcings" 

X.  [pGlu6WCH2)2SCH3Gly1,]SP(6-ll) 

Scheme  1 


"Shifty  peptides"  I- VI  and  VD-X  were  synthesized  on  hydroxymethyl-  and 
pMBH A-resi n«HCl ,  respectively,  employing  DCC  or  DCC/HOBt  as  the  coupling 
agents.  Amino  acid  derivatives  were  protected  by  the  Boc  group  which  was  removed 
by  TTA-DCM  (1:1)  in  the  presence  of  1%  thioanisole.  Cleavage  of  peptides  from 
resins  was  achieved  by  either  NHj/MeOH  (Shifty  Peptides  I-VI)  or  liquid  HF  in 
presence  of  10%  anisole  (Shifty  Peptides  VII-X).  In  all  cases  Boc  groups  were  used 
for  a- ami  no  protection. 

Different  approaches  were  undertaken  to  synthesize  the  N-alkylated  amino  acids 
required  for  the  preparation  of  the  above  mentioned  substance  P-derived  "Shifty 
Analogs”.  Boc-NBzlGly-OH  and  Boc-NBzlAla-OH  woe  prepared  by  the  method  of 
Benoiton  employing  Bzl-Br  and  NaH  in  THF  [1].  N-iBuGly  and  N-iBuAla  residues 
were  prepared  by  reductive  alkylation  of  the  corresponding  resin-bound  amino  acid 
residue  following  the  procedure  of  Sasaki  and  Coy  [2].  The  free  a-amino  function  cm 
the  resin-bound  peptide  was  alkylated  by  isobutyraldehyde  and  NaCNBHj  in  the 
presence  of  1%  AcOH  -  DMF.  The  "Shifty  modification"  of  Met  was  achieved  by 
the  following  reaction: 

CHjSOfCHj^-NHj  +  BrCHjCO-Resin - >  CHjSOfCHzJrNHCHzCO-Resin 
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The  substance  P -derived  "Shifty  Analogs"  were  tested  in  the  guinea  pig  ileum 
smooth  muscle  contraction  assay  following  procedure  described  by  Wormser  et  al. 
[3].  Analogs  II,  V  and  VO  were  the  only  ones  with  significant  potency  (EDjo  =  7, 
1.5  and  10  pM,  respectively).  All  the  rest  were  less  potent  by  at  least  one  order  of 
magnitude. 

Energy  calculation  of  model  "Shifty  dipeptide"  (Ac-N(Bzl)-CHj-CONH2)  and 
"Ala  Shifty  dipeptide"  (Ac-N(Bzl)-CH(CH3)-CONH2)  and  a  related  dipeptide  model 
Ac-Phe-NH2  used  Discover®  program  to  minimize  the  energy  by  employing  the 
CVFF  force  field.  Energies  were  obtained  by  rotating  the  torsion  angles  and  *P 
through  360°  in  30°  increments.  The  energy  minima  of  the  dipeptide  model  as  well 
as  of  the  two  "Shifty  Peptides"  are  located  in  the  (^-conformational  domain. 

Recently,  Simon  and  co workers  published  a  structural  modification  similar  to 
the  one  described  in  this  report  [4].  Their  non-chiral  "Peptoids"  were  prepared  by 
completely  different  synthetic  approaches  looking  for  an  entire  different  outcome. 
Simon  et  al.  are  interested  in  structural  diversity  and  perceive  the  excessive 
conformational  flexibility  as  a  major  advantage  of  their  design.  Our  approach 
searches  for  topochemical  resemblance  and  therefore  we  appreciate  a  certain  degree  of 
structural  rigidity.  For  this  reason,  we  have  introduced  chirality  into  the  "Shifty 
Peptides”  in  the  form  of  "L-  and  D- Ala-based  Shifty  Peptides". 

The  low  potency  of  this  series  of  substance  P-related  "Shifty  Analogs"  may 
suggest  that  "simple"  shift  of  side-chain  from  Ca  to  N  is  not  sufficient  to  reproduce 
closely  the  original  molecular  topology.  Future  work  will  aim  for  the  optimization 
of  the  N-alkylating  side-chain  to  allow  better  topological  fit.  Interestingly,  the 
higher  potency  of  the  L-Ala-based  substance  P-related  "Shifty  Peptides"  may  identify 
a  requirement  for  a  certain  amount  of  conformational  rigidity.  The  similarity  of  the 
conformational  profiles  as  emerging  from  energy  calculations  of  the  model  "Shifty 
Dipeptide"  may  not  represent  fully  the  steric  hindrance  caused  in  a  more  extended 
structure.  For  example,  in  the  reported  substance  P-related  "Shifty  Analogs"  the  N- 
substituting  side-chain  is  closer  to  the  adjacent  down-stream  side-chain  than  in  the 
peptidic  structure. 
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Introduction 

The  renin-angiotensin  system  (RAS)  is  a  major  regulator  of  blood  pressure,  and 
electrolyte  and  fluid  homeostasis  [1,  2],  Inhibition  of  the  RAS  by  angiotensin  II 
(AH)  receptor  antagonists  continues  to  be  the  most  active  area  of  drug  discovery  for 
the  treatment  of  hypertension  and  congestive  heart  failure  [3].  Peptidic  All 
antagonists  such  as  saralasin,  [Sar'-Ala8]-AII,  have  been  known  for  sometime,  but 
their  use  as  therapeutic  agents  is  limited  by  their  lack  of  oral  absorption,  rapid 
clearance  and  partial  agonist  activity.  The  development  of  nonpeptide  All  receptor 
antagonists  has  attracted  much  attention  recently.  In  our  continuing  efforts  to 
discover  novel  classes  of  nonpeptide  All  antagonists,  we  herein  report  the  design  and 
biological  activity  of  new  series  of  AH  receptor  antagonists  derived  from  N- 
substituted  indoles,  dihydroindoles,  phenylaminophenylacetic  acids,  and  their 
bioisosteric  acyl-sulfonamides  and  tetrazoles. 

Results  and  Discussion 

Structure-activity  relationship  (SAR)  of  the  indole-  and  dihydroindole-based  All 
antagonists  for  AT]  (rabbit  aorta)  receptor  subsite  is  shown  in  Table  1.  The  SAR 
data  demonstrates  that  3,6-dichloro  substitution  of  the  parent  indole  1  resulted  in  a 
25-fold  increase  in  ATi  activity  of  the  subnanomolar  antagonist  2.  Replacement  of 
the  carboxyl  with  the  bioisostere  tetrazole  gave  4  with  increased  AT]  binding 
affinity.  Indole  series  of  AT|  antagonists  was  found  to  be  more  potent  than  the 
corresponding  dihydroindole  series  (1, 2, 3  and  4  vs  8, 9, 10  and  11  respectively). 
The  N-alkylated  indoles  (X  =  H,  H)  were  synthesized  to  alleviate  the  amide  bond  of 
N-acylated  indoles  (X  =  O,  Table  1).  Although  a  decrease  in  potency  was  observed 
for  the  N-alkylated  indole  5,  the  tetrazole  analog  6  was  found  to  be  nearly  equipotent 
to  its  corresponding  N-acylated  counterpart  4.  Incorporation  of  6-C1  substitution 
enhances  the  AT]  potency  of  the  antagonist  7.  Evaluation  of  die  in  vivo  activity  of 
the  potent  compounds  2  (AT,  ICjq  =  0.8  nM)  and  7  (ATt  ICjo  =  1  nM)  at  1  mg/kg 
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i.v.  dose  showed  that,  while  2  blocked  the  All-induced  pressor  respouse  in  conscious 
nonnote nsive  rats  for  only  0.S  h,  7  inhibited  the  All  pressor  response  for  S.S  h  [4]. 

Table  1  All  antagonist  activity  ofN-substituted  indoles  and  dihydroindoles 


Compd 

(Racemic) 

C 

R 

X 

Z 

AT,  ICy, 

aM 

1 

c*c 

H 

0 

COOH 

20 

2 

c-c 

3,6-di-Cl 

0 

COOH 

0.8 

3 

c=c 

4,5-di-a 

o 

COOH 

IS 

4 

c  =  c 

H 

o 

Tea-zoic 

5 

c»c 

H 

H,H 

COOH 

230 

6 

c  =  c 

H 

H,  H 

Tenzofc 

8.7 

7 

c  =  c 

2-C1 

H.H 

Tecaaok 

1 

S 

c-c 

H 

O 

COOH 

48 

* 

c-c 

3,6-di-Cl 

O 

COOH 

18 

IS 

c-c 

4,5-di-a 

o 

COOH 

170 

11 

c-c 

H 

O 

Tekaaale 

78 

12 

c-c 

H 

H.COOH 

H 

82 

IS 

c-c 

H 

H,  Ttrxl 

H 

18 

A  structurally  distinct  class  of  All  antagonists  derived  from 
phcnylaminophenylacetic  acids,  which  is  a  ring-opened  form  of  the  N-alkylated 
dihydroindoles  12  and  13  (Table  1),  was  explored  for  AT,  activity.  The  SAR  data 
shown  in  Table  2  demonstrates  that  the  N-alkylation  of  die  phcnylaminophenylacetic 
acids  is  important  for  high  binding  affinity  for  the  AT)  receptor.  N-Et,  N-n-Pr  and 
N-allyl  side  chains  were  found  to  be  the  optimal  chain  lengths  for  AT,  binding. 
Substitution  at  the  central  as  well  as  the  bottom  phenyl  ring  decreases  the  AT, 
activity  of  these  phenylaminophenylacetk  acids.  Replacement  of  the  carboxyl  with 
the  bioisostere  acylsulfonamide  enhances  the  AT,  potency  (23*25  vs  16*18), 
while  die  replacement  with  the  tetrazole  resulted  in  a  loss  of  AT,  activity  (26  vs 
15).  The  acylsulfonamides  (23*25)  showed  excellent  in  vivo  activity  in  conscious 


In  summary,  the  development  of  our  potent  new  classes  of  nonpeptide  ATr 
selective  All  antagonists  derived  from  indoies/dihydroindoles  and  phenylamino- 
phenylacetk  acids/acylsulfonamides  is  disclosed. 
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Some  years  ago  analogues  of  the  potent  peptidic  renin  inhibitor  Boc-Phe-Gly- 
ACHPA-Ile-3-pyridylmethylamide  1  [1]  with  single  amino  acid  residues  being 
replaced  with  the  corresponding  a-aza-amino  acid  residues  ware  synthesized  [2]. 
These  analogues  of  1  had  lower  biological  activity  than  the  native  compound. 

Our  present  aim  was  to  investigate  the  influence  of  multiple  aza-replacement  in 
1  on  the  biological  activity.  Therefore,  we  synthesized  the  peptide  analogue  2  with 
all  three  positions  of  natural  amino  acids  being  occupied  by  their  aza-counterparts. 
To  our  knowledge,  this  is  the  first  synthesis  of  an  all-aza-analogue  of  a  biologically 
active  peptide  [3]. 

Compound  2  was  synthesized  in  the  following  reaction  sequence: 


Boc-NUNH 


O 

C.^ 

_ _ TMF,  f.  L 


tac+BHEyO-^^-NO, 
O 

Boc-NH-NyNJWM, 

O 

£> 

Boc-NHMy' 


HjN-NHj  .  HjO  (1  TMF,  r.  L 
- -» 


TEA  (1:1:1) 


NO, 


jO  v 

h,n  rVi!"Nv 


12«1 


.Ha 


TEA  (1:1:2),  TMF,  r.t 


(■+.  lire,  lalpltl*  («  MA  MrtMD) 


2 
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The  all-azapeptide  2  could  be  shown  to  have  no  renin  inhibiting  activity. 

As  2  could  be  crystallized  from  acetone,  an  X-ray  structure  analysis  was 
performed.  As  can  be  seen  from  Fig.  1, 2  shows  a  bend  conformation  in  the  crystal 
with  an  internal  H-bond  between  the  carbonyl  oxygen  of  Agly  and  the  amide 
hydrogen  of  the  3-pyridylmethyl  group.  Additionally,  the  turn  is  held  by  n 
interactions  between  the  phenyl  ring  of  Aphe  and  the  pyridine  ring  of  the  3- 
pyridylmethyl  group.  Moreover,  from  the  X-ray  structure  enhanced  planarity  at  the 
position  analogous  to  C“can  be  derived. 


Fig.  1.  Structure  from  X-ray  analysis  of  2  (space  group  P2/2/2;;  No.19). 

From  computer  modelling  investigations  with  compounds  1  and  2  fitted  into 
the  active  site  of  human  renin  [4]  it  was  observed  that  analogue  2  fits  worse  and 
clearly  forms  less  H-bond  interactions  to  the  renin  active  site  than  the  original 
compound  1.  These  findings  may  be  the  main  reason  for  the  lack  of  renin-inhibiting 
activity  in  compound  2. 
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Introduction 

Isosteric  peptide  bond  replacements  in  biologically  active  peptides  have  been 
widely  used  to  increase  stability  towards  proteolytic  enzymes,  to  achieve  receptor 
selectivity  and/or  to  obtain  peptide  antagonists  [1].  Some  of  these  amide  bond 
surrogates  have  also  been  incorporated  into  peptidase  inhibitors  to  mimic  the 
enzyme-bound  tetrahedral  transition  state  of  the  scissile  amide  bond  [2],  Among 
these  backbone  modifications,  one  of  the  simplest  is  the  reduced  peptide  bond 
T[CH2NH],  which  has  been  successfully  used  for  the  design  of  metabolically  stable 
agonists  [3]/antagonists  [4]  of  natural  peptides  and  enzyme  inhibitors  [5]. 

Taking  into  account  that  semiempirical  quantum  mechanic  calculations  for  the 
(cyano)methyleneamino  [CH(CN)NH]  and  methyleneamino  [CH2NH]  groups 
indicate  that  the  first  one  could  be  a  better  mimic  of  the  amide  peptide  bond  and  of 
the  tetrahedral  transition  state  involved  in  the  peptide  hydrolysis  dan  the  second  one 
[6],  we  have  reported  the  synthesis  of  *F{CH(CN)NHJ  pseudopeptides  [6].  Now, 
taldng  advantage  of  the  chemical  versatility  of  the  cyano  group,  the  conversion  of 
(cyano)methyleneamino  pseudopeptides  into  other  substituted  methyleneamino 
pseudopeptides,  such  as  4'[CH(CONH2)NH]  and  'F[CH(CH2NH2)NH]  has  been 
studied. 

Synthesis  of  *F[CH(CONH2)NH]  pseudopeptides 

The  replacement  of  one  hydrogen  atom  of  da  methyleneamino  *F[CH2NH] 
peptide  bond  surrogate  with  a  carbamoyl  group  could  counteract,  in  port,  the  increase 
in  flexibility  aid  the  decrease  in  //-bonding  properties  that  this  peptide  bond  surrogate 
causes  on  the  peptide  backbone.  With  this  aim,  (carbamoyl)methyleneamino 
'F[CH(CONH2)NH]  pseudodi-  and  -tripeptides  2  were  obtained  by  oxidative 
hydratation  of  the  (cyano)methylene  pseudopeptides  1  with  hydrogen  peroxide,  in 
phase  transfer  conditions  (Scheme  I).  This  transformation  was  carried  out 
maintaining  the  chirality  of  compounds  1,  and,  in  general,  with  good  yields  (50- 
80%).  In  the  basic  medium  of  this  reaction  the  pseudodipeptides  methyl  esters  2a -c 
(R3  *  OMe)  cyclized  to  the  dipeptide  analogues  2,6-dioxopiperazines  3»-c.  Removal 
of  the  Boc -protecting  group  under  standard  conditions  (TFA  or  HC1)  gave  the 
deprotected  pseudopeptides  4. 
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It  is  interesting  to  note  that  the  pseudodipcptidc  VaIH'[CH(CONH2)NH]His  has 
been  used  as  Val-His  replacement  in  angiotensin  II  analogues  [7].  This  pseudo¬ 
dipeptide  was  synthesized  by  hydratadon  of  the  corresponding  Boc -protected 
*F[CH(CN)NH]  pseudodipeptide  with  concentrated  H2S04.  However,  in  this 
procedure  the  yield  was  low  (36%),  and  the  removal  of  the  Boc -protecting  group  took 
place  simultaneously  with  the  cyano  hydratadon.  Therefore,  in  this  method,  it  was 
necessary  to  reintroduce  this  protecting  group  to  continue  the  peptide  synthesis. 


Scheme  I 


CN  COR* 


°'c'“,,con> 


u 

vV 


R»  *1  RI 

Boc-Xaa'F(CH(CN)NH]Yaa-R1  R'-Xm^CHCCONHjJNHIYu-R5  3n-C 


la-i 


2a-i:  R4  m  Boc 
4a-i:  R4  «  H 


a  :  X«a »  Phc;  Ya*  =  Leu;  R3  -  OMc 
b  :  Xaa  *  Phc;  Yaa  «  Ala;  R3  ■  OMc 
e :  Xaa  *  Phc;  Yaa  *  Phc;  R3  =  OMe 
d  :  Xaa  m  Phc;  Yaa  »  Leu;  R3  «  NH2 
e :  Xaa  *  Phc;  Yaa  »  Ala;  R3  ■  Pro-OMc 


f :  Xaa  *  Phc;  Yaa  «  Leu;  R3  »  Pro-OMc 
g  :  Xaa  -  Phc;  Yaa  -  Leu;  R3  -  Ala-OH 
h :  Xaa  ■  Phe;  Yaa  -  Leu;  R3  *  Ala-NH2 
I :  Xaa  «  Tip;  Yaa  «  Leu;  R3  -  NH2 


Reagents,  a)  H202,  NaOH.  {n-Bit)<NHS04;  b)  NaOH 


Synthesis  of  'P[CH(CH2NH2)NH]  pseudopeptides 

The  (aminomethylene)methyleneamino  'F[CH(CH2NH2)NH]  pseudodi-  and 
-tripeptides  5a,d,e,  chiral  building  blocks  for  the  preparation  of  branched 
pseudopeptides  and  conformational  restricted  analogues,  were  obtained  by  catalytic 
hydrogenation  of  the  appropriate  (cyano)methyleneamino  pseudopeptides  la^e  in 
MeOH/AcOH,  at  r.t.,  and  in  the  presence  of  10%  Pd/C  (Scheme  II). 
Pseudodipeptides  5a^l  (R3  *  OMe,  NHj)  partially  cyclized  to  the  2-oxopiperazines 
6a,d  during  their  isolation  from  the  reaction  medium.  This  lactamization  was 
prevented  when  the  hydrogenation  was  carried  out  in  the  presence  of  di-te/t-butyl- 
di  carbonate,  to  give  the  respective  Boc -protec  ted  'P[CH(CH2NHBoc)NH]  pseudo¬ 
peptides  7a,d,e  as  the  only  reaction  products.  On  the  other  hand,  when  the 
epi meric  mixture  of  pseudodipeptides  Boc-Phe*P[(/f, S)CH(CN)NH]Leu-OMe  (la) 
was  hydrogenated  in  the  presence  of  Ala-OMe.HCl,  the  reductive  amination  of  these 
pseudodi  peptides  took  place,  obtaining  the  branched  pseudotripeptides  8a.  These 
compounds  in  refluxing  xylene  cyclized  to  the  2-oxopiperazines  fa,  which  could  be 
considered  as  conformational  constrained  tripeptide  analogues. 
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V  co*t>  /'"V 

MM  JL  U«*  c  ,  MM  X  T-* 

^”4  >g>  ||  " '  *  V/V^  ^  u 

*  jT  S  hhF  h 

i»  *» 

•TfcwcsuoanraiY^1  <M 


BocOCMS^CHfCHjNHKVfHIYsa-R1 


CM  COR* 

H 


5M>e:  R4-H 
7a,d^:  R4  «Boc 


Boc-X*4f»[CH(C>0NH)yM-RJ 
lnuLe 


KgQjT 


»  *^p-L 

^  .NH  T 

COR*  - «-  -  |^NV-0 

“Vr1*? 

R‘ 


a :  Xu  ■  Phe;  Yaa  ■  Lau;  R3  *  OMe 

d :  Xaa  «  Fha;  Yaa  «  Leo;  R3  •  NH2 
• :  Xaa  -  Phe;  Yaa  m  Ala;  R3  «  Pro-OMe 


8a 


Keegema:  a)  H2,  PttiC;  b)  OfC03C(CHj}3J2;  e)  UeOH;  d)  H2.  PdlC. 
HjN-Ala-OhdeJiCl;  e)  A 

In  summary  it  cu  be  concluded:  a)  The  Y[CH(CN>NH]  pseudopeptides  are 
good  intermediates  for  the  synthesis  of  VP  [CH(CONH2)NH]  and 
’Y[CH(CH2NH2)NH]  analogues;  b)  These  substituted  methyleneamino  pseudo¬ 
peptides  are  easily  transformed  into  conformational  restricted  building  Mocks, 
bearing  different  side  chains  and  having  different  conformational  parameters,  which 
could  be  useful  for  the  construction  of  peptide  mimetics. 
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Introduction 

Peptide-derived  drugs  have  a  number  of  shortcomings  which  are  associated  with 
their  metabolic  instability  and  the  hydrophilic  character  of  the  peptide  bond. 
Consequently  there  is  a  need  for  peptide  mimicking  agents  -  peptidomimetics  -  which 
exhibit  adequate  pharmacodynamic  and  pharmacokinetic  properties.  As  part  of  a 
current  program  aimed  at  the  synthesis  of  dipeptidomimetics  which  can  be  used  as 
building  blocks  in  biologically  interesting  peptides  we  have  synthesized  some  novel 
bir-phenylalanine  mimetics.  The  synthesized  compounds  have  been  used  as 
replacements  of  Phe-Phe  in  the  neuropeptide  substance  P  (SP). 

SP  is  known  to  be  involved  in  several  important  physiologial  processes  such  as 
neurogenic  inflammation,  pain  transmission  and  asthma  [1].  SP  exerts  its  action  by 
activation  of  the  NKi -receptor.  The  Ms-phenylalanine  moiety  of  SP  is  believed  to  be 
of  importance  in  the  recognition  and  binding  of  SP  to  the  NKi -receptor.  This 
structural  element  is  also  the  primary  cleavage  site  of  a  SP  cleaving  enzyme. 
Substance  P  endopeptidase  (SPE),  which  is  present  in  human  cerebrospinal  fluid  [2]. 
SPE  cleaves  SP  also  between  Phe-Gly. 

Results  and  Discussion 

The  peptidomimetics  presented  in  this  study  were  designed  to  fulfill  one  or 
several  of  the  following  criteria  for  structural  mimicry:  i)  geometrical  similarity,  ii) 
the  same  conformational  flexibility,  iii)  electrostatic  complementarity  and  iv)  the 
same  hydrogen  bonding  properties.  All  these  factors  have  to  be  taken  into  account  in 
the  design  of  peptidomimetic  structures  based  on  the  amino  acid  sequence  of  a 
peptide. 

The  vinyl  isostere  was  considered  interesting  since  the  trans  double  bond  has 
about  the  same  geometry  as  an  amide  bond  and  also  shows  about  the  same 
conformational  flexibility.  However,  the  electrostatic  and  hydrogen  bonding 
properties  are  considerably  different  The  vinyl  isostere  is  not  only  interesting  in 
itself  but  also  saves  as  an  important  starting  material  in  the  synthesis  of  other 
peptidomimetics. 
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The  bey  reaction  in  the  synthesis  of  the  vinyl  isostere  is  the  Julia  olefination 
[3]  starting  from  the  Boc-protected  sulfone  derivative  of  L-Phe  and  an  akkhyde 
(Scheme  1).  The  Julia  reaction  has  been  reported  to  give  exclusively  the  tauu-olefin 
but  we  isolated  also  significant  amounts  (15-20%)  of  the  cu-isomers.  Desilylation 
and  oxidation  completed  die  synthesis  of  the  vinyl  isostere  as  a  mixture  of  epimers, 
which  were  separated  by  chromatography. 


1)BuU(2aq) 


^  CH.OTBOUS 


3) 


| - R-H 

WL— *N,L_ 4WU>tW«) 

The  vinyl  isos  teres  woe  functionalized  into  epoxides  and  allylic  alcohols  by 
efficient  and  stereoselective  reactions.  Treatment  of  the  ester  derivatives  with  m- 
CPBA  gave  the  corresponding  epoxides  in  good  yield  (Scheme  2).  When  the  Phe-Gly 
vinyl  isostere  was  used  as  starting  material  we  could  only  isolate  one  epoxide  [4], 
however,  epoxidation  of  the  Phe-Phe  analogue  produced  two  isomers.  The 
stereoselectivity  in  the  epoxidation  reaction  is  believed  to  result  from  a  coordination 
effect  which  outweighs  the  steric  effect;  the  peracid  is  hydrogen  bonded  to  the 
carbamate  and  ester  functionalities,  and  thereby  preferentially  directed  towards  one  face 
of  the  alkene  [4], 

Scheme  2 


The  allylic  alcohols  were  synthesized  by  a  stereoselective  ring  opening  of  the 
epoxides  using  TBAF  (Scheme  3)  [4], 


Scheme  3 
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Further  modifications  of  the  alcohol  derivative  have  been  described  in  die  Phe- 
Gly  series,  e.g.  the  fluoro-containing  Phe-Gly  mimetic  was  synthesized  from  the 
corresponding  alcohol  by  treatment  with  DAST  [4], 

The  fully  deprotected  dibenzylated  derivatives  JA48  and  JA62,  synthesized  via 
the  Julia  reaction,  were  found  to  be  highly  potent  inhibitors  of  SPE,  however  the 
compounds  did  not  show  any  appreciable  affinity  for  rat  brain  NKi  -receptors  [5], 
Other  derivatives  are  currently  being  studied  as  potential  SPE  inhibitors;  so  far  JA48 
is  the  most  potent  nonpeptidergic  inhibitor  known  for  this  enzyme. 


The  synthesized  dipeptidomimetics  described  woe  used  as  building  blocks  in  the 
preparation  of  modified,  "mimo-mutated",  SP  analogues.  These  artificial  peptides 
were  synthesized  by  the  solid  phase  method  using  Boc  chemistry.  The  peptides  woe 
purified  using  reversed  phase  HPLC  and  were  characterized  by  mass  spectrometry  and 
NMR  spectroscopy. 

The  modified  SP  analogues  also  showed  activity  as  SPE  inhibitors  with  the 
dibenzylated  derivative  being  the  most  potent.  However,  the  change  in  peptide 
structure  prevented  recognition  and  binding  to  the  NKt-receptor.  This  result  indicates 
that  a  double  bond  is  a  poor  mimic  of  an  amide  bond  despite  the  geometrical 
similarities.  The  introduction  of  an  alcohol  functionality  did  not  improve  the  affinity 
although  the  electrostatic  and  hydrogen  bonding  properties  are  in  better  agreement 
with  the  amide  bond. 
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Introduction 

Secondary  amides  exist  primarily  as  the  energetically  favored  trans- retainer 
which  avoids  steric  interactions  between  adjacent  a-c arbon  substituents.  In  contrast, 
the  cis-  and  rraru-rotamers  of  tertiary  amides  ^-terminal  to  proline  have  more  similar 
energies  [1, 2].  Significant  populations  of  X-Pro  m-rotamer  have  been  observed  by 
NMR  in  many  biologically  active  peptides  under  physiological  conditions  [3-6]. 
Furthermore,  increasing  evidence  suggests  that  X-Pro  ro tamer  geometry  plays  an 
important  role  in  the  recognition  and  reactivity  of  bioactive  peptides  [1].  Hydrolysis 
of  X-L-Pro  peptide  bonds  by  proline-spccific  peptidases  requires  the  trans-rotamer  [7], 
and  isomerization  of  X-Pro  amide  bonds  has  been  proposed  as  a  rate-limiting  step  in 
protein  folding  [8].  The  X-Pro  cis-trans  isomerization  energy  barrier  of  13  kcal/tnol 
can  be  overcome  by  peptidyl  prolyl  isomerase  enzymes,  which  can  facilitate  refolding 
of  denatured  proteins  [1,  8].  The  rotamer  equilibrium  of  acylprolyl  residues  can  also 
be  influenced  by  local  peptide  sequence  patterns  [6,  9],  protonation  of  /V-terminal 
residue  side-chains  [5],  solvent  conditions  [10],  and  artificial  hydrogen  bonding 
receptors  [11]. 

Interest  in  understanding  the  relation  of  X-Pro  cu-amide  ro  tamers  to  peptide 
bioactivity  has  led  to  the  synthesis  of  prolines  with  ring  alkyl  substituents  designed 
to  constrain  rotamer  and  torsion  angle  geometries  [12-14].  Methyl  substituents  on 
the  5-position  of  proline  can  exert  a  steric  effect  on  die  M-acyl  residue  that  alters  the 
rotamer  isomerization  barrier  and  augments  the  population  of  cw-amide  in  N- 
acetylproline  JV'-methylamide  [13].  Similarly,  the  use  of  5,5-dimethyl  proline  was 
recently  demonstrated  to  produce  90%  of  the  cu-peptide  bond  isomer  in  a  dipeptide 
[14].  Addition  of  bulkier  alkyl  substituents  to  the  5-position  of  proline  should  thus 
be  expected  to  produce  even  more  pronounced  effects  on  rotamer  and  torsion  angle 
geometry. 

Results  and  Discussion 

We  have  developed  an  efficient  synthesis  of  5-alkylprolines  based  on  the 
reductive  amination  of  5-oxo  a-amino  esters  derived  from  glutamic  acid  [15].  This 
method  provides  unnatural  prolines  substituted  at  the  5-position  with  primary, 
secondary  and  tertiary  alkyl  groups,  as  well  as  with  aromatic  substituents  (Scheme 
1). 
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Scheme  1 
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HNPhFl 
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2 :  E  =  CXJjCHa  4 :  R’  =  f-Bu 

3 :  E  =  H  5:R'  =  H 


R  =  Et,  n-Bu,  PhCH2,  i-Pr,  f-Bu 


Synthesis  of  5-substituted  prolines  begins  with  a-fert-butyl  y-methyl  N-(9-(9- 
phenyliluorenyl))glutamate  (1)  [16].  The  9-(9-phenylfluorenyl),  (PhFl)  group  for 
nitrogen  protection  allowed  selective  enolizatkm  of  the  y-ester  without  racemization 
of  the  chiral  a-amino  center;  in  addition,  it  shielded  the  amine  from  acylation  [15- 
17].  Treatment  of  1  with  lithium  bis(trimethylsilyl)amide  provided  the  y-lithium 
enolate,  which  reacted  with  acid  chlorides  to  give  good  yields  of  fl-keto  esters  2. 
Selective  hydrolysis  of  the  y-methyl  ester  and  decarboxylation  was  achieved  on 
exposure  of  (i-keto  esters  2  to  lithium  hydroxide  in  a  THF  :  water  solution  to 
provide  5-oxo  a-amino  esters  3.  Hydrogenation  of  o-oxo  a-amino  esters  3  with 
palladium-on-carbon  in  a  9:1  methanol :  acetic  acid  solution  proceeds  by  cleavage  of 
the  phenylfluorenyl  group,  intramolecular  inline  formation,  protonation,  and 
hydrogen  addition  to  die  less  hindered  face  of  the  iminium  ion  intermediate  to  furnish 
cis-5-alkylprolines  4  with  the  5-substituent  and  carboxylate  on  the  same  side  of  the 
proline  ring.  Although  imine  products  from  incomplete  hydrogenation  were 
sometimes  observed  by  proton  NMR  analysis  of  the  crude  reaction  mixtures.  Irons- 
diastereomer  4  was  not  detected.  The  tm-butyl  ester  was  cleaved  by  treatment  with 
trifluoroacetic  acid  to  give  prolines  5  as  their  TFA  salts  after  evaporation  of  the 
volatiles.  5-n-Butylproline  4  was  determined  to  be  of  >99%  enantiomeric  purity  as 
ascertained  by  preparation  of  diastereomeric  ureas  on  reaction  with  a- 
methylbenzylisocyanate  and  observation  of  the  tert-butyl  ester  singlets  in  the  proton 
NMR  spectrum  during  incremental  additions  of  the  diastereomer  prepared  bom  D- 
glutamate.  Initial  modeling  studies  of  W-acetyl-5-ferf-butylproline  JV-methylamides 
suggest  that  the  bulkier  5-fe/T-butyl  substituent  exerts  effects  on  both  the  Af-acyl  and 
a-carboxylate  groups  to  favor  the  cir-rotamer  as  well  as  to  constrain  the  proline  'P 
torsion  angle. 
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Introduction 

Our  interests  in  sialidases,  in  particular  the  design  and  synthesis  of  novel 
sialidase  inhibitors  [1],  has  led  us  to  the  study  of  an  N9  sialidase-NC41  antibody 
crystal  complex  [2,  3].  When  this  antibody  binds  to  the  influenza  viral  enzyme 
sialidase  N9  it  inhibits  the  enzyme,  by  apparently  binding  to  an  active  site  loop  and 
sterically  interfering  with  the  approach  of  the  substrate  [4].  We  have  undertaken  an 
extensive  investigation  of  this  complex  in  order  to  try  and  develop:  (a)  antibody 
mimics  that  may  inhibit  enzyme  activity  by  binding  to  the  active  site  loop  and 
sterically  interfering  with  the  approach  of  substrate  and  (b)  antigen  mimics  which 
may  be  useful  for  chemical  vaccination  strategies.  In  this  paper  we  report 
preliminary  results  on  die  design  and  synthesis  of  antigen  mimetics,  as  well  as  our 
successes  in  the  development  of  a  biologically  active  antibody  mimic  from  the 
protein  antigen-antibody  crystal  structure. 

Results  and  Discussion 

The  determination  of  die  components  of  recognition  between  the  energy  refined 
N9  sialidase-NC41  antibody  complex  involved  a  geometrical  non-bonded  analysis 
(using  an  in-house  program  CONTACT  [5])  and  an  enthalpic  calculation  (using  the 
program  AMBER  3.0)  [6].  From  these  data  it  was  concluded  that  one  loop  on  the 
antibody  surface  (H9<hH99,  CDR  H3)  contributes  a  significant  portion  of  the 
interaction  energy,  and  three  loops  (714-720,  746-750  and  779-784)  of  the  antigenic 
surface. 

Based  on  the  receptor  bound  conformation  of  these  loops  (from  the  protein 
crystal  structure)  a  design  strategy  towards  suitable  cyclic  constraints  that  would  hold 
the  peptide  sequence  in  the  preferred  receptor  bound  conformation  was  required. 
Organic  scaffolds  were  designed  to  bridge  die  C  and  N  termini  of  the  protein  loops  of 
interest.  These  organic  scaffolds  were  rigid  aromatic  compounds  that  contained  a 
carboxyl  and  amine  functional  group  that  could  energetically  adopt  the  required 
initiation  and  termination  conformation  of  the  loops  of  interest.  They  were  designed 
by  a  combination  of  restrained  minimisations,  systematic  search,  template  forcing 
and  high  temperature  molecular  dynamics  calculations  [5]. 
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Fig.  1.  Synthesis  of  the  organic  scaffolds  for  the  antigen  mimetics.  ( a )  nBuLi,  -78°C, 
C02:  (b)  N-hydroxymethylphthalimide,  H2S04.  0°C,  30  min;  (c)  nBuLi,  -78°C, 

dime  thy  Isulf ate;  (d)  nBuLi,  -78°C,  C02;  (e)  MeOH/H+;  (f)  N-bromosuccinimide,  CCl4, 
reflux,  4  h;  (g)  potassium  phthalimide,  DMF. 


Fig.  2.  Synthesis  of  the  antibody  mimic  organic  scaffold.  (Amb)  (a)  N-hydroxy¬ 
methylphthalimide,  H2SO 0°C,  24  h;  (b)  NaBH4,  2-propanol/H20,  (c)  9-fluorenyl- 
methylsuccinimidyl  carbonate,  Hfi,  pH  8,  3  hat  room  temperature. 

The  synthesis  of  the  designed  organic  scaffolds  for  the  antigen  [1,  2]  and 
antibody  mimics  [3]  are  shown  in  Figures  1  and  2.  The  next  stage  was  to  synthesise 
the  required  constrained  cyclic  peptides  that  utilise  these  scaffolds  as  constraints. 
Currently,  only  the  constrained  cyclic  peptide  of  the  antibody  mimic  has  been 
synthesised.  The  synthesis  involved  the  addition  of  the  P -carboxyl  of  Asp  onto 
pMBHA  resin,  followed  by  the  addition  of  Asp  Glu,  Constraint  [3]  (Amb)  and  Phe. 
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Resin  bound  cyclisation  was  achieved  with  BOP/HOBt  and  HF  cleavage  yielding  the 
antibody  mimic  [Glu-Asp-Asn-Phe-Amb]  (4). 

The  'H  spectra  (in  d^-DMSO)  of  the  target  molecule  (4)  was  assigned  by  a 
combination  of  DQFCOSY  and  ROESY  experiments.  The  solution  conformation  of 
the  antibody  mimic  was  calculated  by  restrained  molecular  dynamics.  The  lowest 
energy  conformation  found  had  an  energy  of  90  kcal/mol.  The  energy  of  the  desired 
receptor  bound  conformation  of  the  antibody  mimic  was  calculated  as  93  kcal/mol  in 
the  design  process.  Therefore  it  would  appear  as  though  the  organic  scaffold  (3)  has 
stabilised  the  cyclic  peptide  to  conformations  that  are  energetically  close  to  the 
desired  receptor  bound  conformation. 

A  Kjof  lxl(H  M  was  determined  for  the  antibody  mimic  (4)  using  the  naturally 
occurring  substrate  fetuin  against  N9  sialidase.  Since  the  antibody  mimic  was 
designed  to  bind  at  the  same  epitope  region  as  antibody  NC41,  it  is  possible  that  an 
inhibition  similar  to  the  inhibition  observed  with  NC41  occurs.  Such  an  argument 
is  supported  from  the  sialidase-sialic  acid  crystal  structure  [4]  which  suggests  that 
antibody  NC41  inhibits  enzymic  action  by  binding  to  active  site  loop  368-370  and 
sterically  interfering  with  the  approach  of  the  substrate.  The  antibody  mimic  was 
designed  to  bind  at  this  same  region,  and  is  considered  unlikely  to  bind  directly  in  the 
active  site  (the  dimensions  of  the  active  site  appear  to  preclude  the  mimic  from  both 
entering  and  binding),  and  thus  may  competitively  inhibit  the  enzyme  by  binding  to 
this  loop. 
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Introduction 

Fibrinogen  (Fg)  binding  to  activated  platelets  is  an  obligatory  step  for  platelet 
aggregation  and  arterial  thrombosis.  This  binding  is  mediated  by  the  platelet 
fibrinogen  receptor,  gp  Ilh/IIIa,  which  recognizes  the  RGD  sequence  in  fibrinogen.  It 
is  well  known  that  peptides  containing  the  RGD  sequence  block  fibrinogen  binding 
to  gp  Ilb/ma  and  prevent  platelet  aggregation  in  the  face  of  a  variety  of  activating 
agents  [1].  The  concept  of  inhibiting  platelet  mediated  thrombosis  in  human  disease 
using  antagonists  of  gp  Ilb/HIa  is  therefore  extremely  attractive.  Peptide  mimetics  of 
the  RGD  sequence  have  also  been  shown  to  inhibit  platelet  aggregation  in  vitro  and 
in  vivo  and  prevent  platelet  mediated  thrombosis  [2].  Recently,  a  potent  gp  Ilb/IIIa 
antagonist,  4-amidinophenylpentanoyl-Asp-Phe-OH  (1,  IC^  *  53  nM;  dog  platelet 
rich  plasma  aggregation  assay),  was  identified  [3]  and  is  now  being  developed  for 
acute  indications.  These  drugs  are  designed  to  potentiate  thrombolysis,  prevent 
reocclusion,  and  provide  symptomatic  relief  in  patients  with  unstable  angina.  Our 
goal  was  to  prepare  orally  active  analogs  of  1,  which  could  be  useful  in  chronic 
treatment  of  thrombosis.  To  achieve  this  goal,  we  have  focused  our  effort  on  the 
peptide  portion  of  1  and  substituted  it  with  various  aromatic  and  heterocylic  fi- amino 
acids. 

Results  and  Discussion 

Several  analogs  of  1  have  been  synthesized  in  which  the  peptide  portion  of  the 
molecule  was  replaced  with  a  variety  of  substituted  {)-amino  acids.  These  (3- amino 
acids  were  prepared  by  Knoevenagel  condensation  from  corresponding  aldehydes  and 
malonic  acid  in  the  presence  of  ammonium  acetate,  and  subsequently  coupled  with  4- 
amidinophenylpentanoic  acid.  Initial  screening  for  inhibition  of  platelet  aggregation 
was  accomplished  via  an  in  vitro  dog  platelet-rich  plasma  assay  (PRP)  on  the  free 
acid  form  of  die  compounds.  Those  whkh  exhibited  significant  biological  activity  in 
this  primary  screen  were  then  tested  in  ester  form  for  oral  activity  in  an  ex  vivo  dog 
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PRP  assay  (Table  1).  Monohalogen  substitution  at  any  position  in  the  ring  has 
resulted  in  analogs  (3-5)  with  activity  similar  to  the  unsubstituted  compound  (2). 
Significant  increase  in  potency  was  observed  in  analogs  substituted  with  hydroxy, 
ethoxy,  dimethoxy  and  methylenedioxy  groups  (6-9).  All  these  compounds  showed 
submicromolar  activity  in  the  in  vitro  PRP  assay.  In  addition,  ethyl  esters  of  3,5- 
dimethoxy phenyl  and  1,3-benzodioxole  analogs  were  also  active  orally  in  the  ex  vivo 
PRP  assay.  The  1,3-benzodioxole  analog  (9)  completely  inhibits  collagen-induced 
platelet  aggregation  at  10  mpk  IG  with  long  duration  of  activity.  The  effects  of 
aromaticity  of  the  ^-phenyl  ring  were  also  evaluated.  While  the  cyclohexenyl  analog 
(10)  was  equally  potent,  the  saturated  cyclobexyl  analog  (11)  was  found  to  be  less 
active  than  the  parent  phenyl  analog  (2).  However,  the  most  active  compound  in  this 
series  is  the  3-pyridyl-^-alanine  containing  analog  (12)  with  an  ICjq  of  120  nM.  The 
ex  vivo  activity  of  the  ethyl  ester  of  this  compound  was  still  detectable  after  12  h. 
Interestingly,  even  the  acid  form  (13)  was  found  to  be  orally  active  and  bioavailable 
at  8.4  mpk.  It  is  remarkable  because,  within  this  series,  for  these  compounds  to  be 
orally  active  and  bioavailable,  they  normally  have  to  be  administered  in  the  "prodrug" 
ester  form.  In  conclusion,  substitution  of  the  dipeptide  portion  of  1  with  0-amino 
acids  and  systematic  modification  of  its  side  chain  have  resulted  in  long  acting  orally 
active  analogs. 


Table  1  Structure-activity  relationships  of  fi-amino  acid  containing  RGD  mimetics 


HN  H 

^co2h 

R 

Compound  R 

PRP  {Acid] 

ex  vivo  IG 

[ethyl  ester] 

IC*,,  [nM] 

dose  [mpk] 

duration  [h] 

(%max.  Inh) 

2 

phenyl 

5,300 

3 

4-fluorophenyl 

3,000 

4 

3-fluorophenyl 

1,300 

5 

2-fluorophenyl 

5,200 

6 

4-hydroxyphenyI 

800 

7 

4-ethoxyphenyl 

400 

8 

3,5-dimethoxyphenyl  330 

20 

-6(68) 

9 

1 ,3-benzodioxole 

280 

10 

-6  (100) 

10 

3,4-cyclohexenyl 

4,000 

11 

cyclohexyl 

10,000 

12 

3-pyridyl 

120 

10  [ester] 

>6<24  (100) 

13 

3-pyridyl 

120 

8.4  [acid] 

>6<24  (100) 
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Introduction 

The  rational  design  of  conformation  ally  restricted  peptides  which  mimic  or 
block  the  effects  of  their  physiologically  important  parent  compounds  represents  a 
major  goal  of  pharmaceutical  companies.  These  conformational  analogues  should 
not  only  retain  the  properties  of  the  original  peptide,  but  they  should  also  exhibit 
improved  bioavailability  and  pharmacokinetics.  In  this  connection  in  the  last  decade 
medicinal  chemists  have  become  interested  in  bioactive  peptides  containing  chiral 
Cao-disubstituted  glycines  since  these  stereochemically  constrained,  backbone 
modified,  non-coded  residues  tend  to  freeze  specific  conformations  and  dramatically 
slow  down  enzymatic  processes.  In  our  continuing  investigation  of  the  preferred 
conformation  of  peptides  containing  Ca-methylated  a-amino  acids  we  report  here  a 
crystal-state  structural  study  by  X-ray  diffraction  of  a  number  of  peptides  rich  in 
(aMe)Leu,  a  C“  methylated  amino  acid  with  a  y- branched,  aliphatic  side  chain. 

Results  and  Discussion 

An  intriguing  observation  can  be  extracted  from  the  analysis  of  the  Z-D- 
(aMe)Leu-(Aib)2-OrBu  tri peptide.  Both  independent  molecules  are  folded  in  a  {J-bend 
conformation,  but  despite  the  presence  of  a  chiral  residue  [D-(aMe)Leu]  in  the 
sequence,  no  preference  is  seen  in  the  fi-bend  screw  sense,  Le.  the  two  diastaeomeric 
screw  senses  (right-  and  left-  handed)  simultaneously  occur  in  the  asymmetric  unit 
An  analogous  observation  (right-  and  left-handed  helices  concomitantly  present  in  the 
asymmetric  unit)  has  been  made  for  the  3,0-helix  fanning  pBrBz-fAib^-D-faMejLeu- 
(Aib)2-OrBu.  Conversely,  only  small  differences  are  noted  in  the  backbone  torsion 
angles  of  the  two  right-handed  3,0-helkal  molecules  of  the  octapepbde  Ac-(Aib)s-D- 
(oMejLeu-fAib^-OfBu  mooohydrale. 
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Fig.  1.  X-ray  structure  of  molecule  A  of  pBrBz-lD-i aMe)Leu ]4-OtBm. 

The  homochind  bomo-trimer  jHBrBz-[D^oAfe)Leu]3-OH  monohydrate  is  folded 
in  a  type  UI  (right-handed)  p-bend.  Interestingly,  this  structure  is  followed  by  an 
unusual  ”oxy-anaiogue"  of  a  type- HI  (i-bend  conformation  (where  the  -OH  group  of 
the  carboxylic  acid  moiety  is  the  H-bonding  donor).  No  significant  difference  is  seen 
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in  the  backbone  torsion  angles  of  the  three  rigfa-handed  3,0-helical  molecules  in  the 
asymmetric  unit  of  the  homo-tetramer  pBrBz-[I>-(aMc)Lcu]^-OrBu  (Figure  1). 

All  21  (aMe)Leu  residues  are  found  in  the  helical  region  of  the  conformational 
map.  The  average  absolute  values  for  the  ♦,  y  torsion  angles  are  37,  29°,  closer  to 
those  expected  for  a  3,0-belix  (57,  30°)  than  for  a  a-helix  (63, 42°)  [1].  It  is  worth 
noting  that  in  eight  out  of  the  ten  molecules  the  signs  of  the  4,  y  values  for  the  N- 
terminal  and  central  D-(aMe)Leu  residues  are  negative.  The  distribution  of  the  most 
relevant  torsion  angle  for  the  characterization  of  the  side-chain  conformation  (x1)  for 
the  21  D-(aMe)Leu  residues  is  18  g+  and  3/. 

The  results  obtained  support  the  view  that  (aMe)Leu,  like  the  (aMe)Val  and 
(aMe)Phe  residues  already  investigated  [2],  is  an  extremely  efficient  8-bend  and 
3I0/a-helix  promoter,  much  stronger  than  its  unmethylated  counterpart  (Leu). 
Interestingly,  in  the  peptides  where  (aMe)Leu  is  the  only  chiral  residue,  the 
relationship  between  Ca  configuration  and  helix  screw  sense  is  predominantly 
opposite  to  that  exhibited  by  protein  amino  acids  (including  Leu)  and  (aMe)Val.  This 
behavior  is  also  typical  of  (aMe)Phe.  In  other  words,  this  inverse  relationship 
appears  to  be  dictate!  by  the  position  of  side-chain  branching  (at  the  y-carbon),  rather 
than  by  the  electronic  nature  (whether  aliphatic  or  aromatic)  of  the  side  chain. 
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Introduction 

During  the  past  decades  it  has  been  recognized  that  most  of  die  natural  proteins 
of  multicellular  organisms  in  reality  are  glycoproteins.  The  saccharide  side  chains  of 
glycoproteins  influence  the  physical  properties  as  well  as  the  conformations,  and  can 
also  protect  these  protein  conjugates  against  proteolytic  attack.  Moreover,  the 
carbohydrate  portions  of  the  glycoproteins  have  been  found  to  be  important 
recognition  labels,  e.g.,  in  infectious  processes,  in  cell  differentiation  and  in  the 
regulation  of  cell  growth  [1].  For  investigations  of  these  challenging  recognition 
processes,  glycoproteins  of  exactly  specified  structure  are  of  particular  interest.  As 
glycoproteins  are  accessible  in  only  small  amounts  from  biological  sources  and  these 
isolates,  furthermore,  suffer  from  the  biological  microheterogeneity  of  natural 
glycoproteins,  synthetic  glycopep tides  of  confirmed  structure  and  purity  are  required. 
The  natural  glycoproteins  exclusively  contain  glycosidic  linkages  between  the  peptide 
and  the  carbohydrate  portions.  These  bonds  as  well  as  the  intersaccharidic  linkages, 
being  acetal-like  bonds,  are  potentially  acid-sensitive.  In  addition  O-glycosyl  serine 
and  threonine  derivatives  are  prone  to  an  easy  base-catalyzed  ^-elimination  of  the 
carbohydrate.  Therefore,  special  emphasis  has  to  be  given  to  mild  reaction  conditions 
throughout  the  glycopeptide  synthesis  [2]. 

Results  and  Discussion 


One  of  the  early  solutions  we  found  for  the  synthesis  of  glycopep  tides  via 
controlled  and  selective  deblocking  and  chain  extension  consisted  in  the  application  of 
the  Fmoc  group  and  its  selective  removal  with  morpholine  [3].  The  weak  base 
morpholine  does  not  attack  the  base-sensitive  O-glycosyl  serine  linkage,  e.g.,  in  the 
xylosyl  serine  derivative  1.  But,  its  basicity  is  sufficient  for  a  complete  and  selective 
removal  of  the  Fmoc  group  to  furnish  the  selectively  deblocked  derivative  2 
susceptible  to  further  chain  extension. 


Fmoc-HN-  CH—  COOBzl 


H-HN-CH-COOBzl 

I 


2  98% 


321 


H.  Kunz  et  al. 


Glycopeptides 


This  method  was  used  in  the  synthesis  of  tumor-associated  antigen  structures,  e.g.,  in 
the  synthesis  of  the  T  antigen  glycopeptide  3  [4],  Coupling  of  3  to  bovine  serum 
albumin  gave  a  synthetic  glycoprotein  antigen  4.  According  to  its  carbohydrate 
analysis  it  contained  on  average  38  T  antigen  glycopeptide  units  per  macromolecule. 


The  monoclonal  antibody  obtained  with  4  reacted  with  all  types  of  epithelial  tumor 
tissues  tested.  But  it  also  showed  reactivity  against  normal  cells  of  the  same  tissues. 
The  antibody  obtained  from  4  exhibited  interesting  selectivity  towards 
asialoglycophorins.  As  the  structure  of  4  corresponds  to  the  N-terminus  of 
glycophorin  of  M  blood  group  specificity,  the  antibody  was  distinctly  more  reactive 
to  M-  than  to  N-type  asialoglycophorin.  This  suggests  that  not  only  the  T  antigen 
disaccharide  but  also  the  amino  acid  sequence  contributes  to  the  recognized  epitope 
[5]. 

Particularly  efficient  protecting  groups  in  glycopeptide  synthesis  are  the  allylic 
protecting  groups.  Both,  the  allyl  ester  [6]  and  the  allyloxycarfoonyl  (Aloe)  group  [7] 
are  stable  to  acids  and  bases  commonly  applied  in  peptide  chemistry.  However,  they 
can  selectively  be  removed  under  neutral  conditions  via  palladium(0)-catalyzed  allyl 
transfer  to  weakly  basic  or  neutral  nucleophiles.  This  methodology  was  successfully 
extended  to  a  new  allylic  anchoring  principle  in  the  solid  phase  synthesis  of  peptides 
and  glycopeptides  [8].  Utilizing  die  efficiency  of  the  allylic  protecting  groups, 
glycopeptides  with  Tn  and  T  antigen  structure  [9,  10],  with  fiicosylated  chitobiose 
asparagine  structures  [11]  and  with  Lewis®  antigen  side  chains  [12]  were  successfully 
synthesized.  During  these  studies,  an  effect  of  indirect  protection  of  the  O-glycosidic 
bonds  exhibited  by  the  O-acyl  groups  of  the  saccharide  part  was  found.  Of  particular 
interest  are  glycopeptides  with  Lewis*  antigen  side  chains,  which  have  been  described 
as  tumor-associated  antigens.  For  example,  the  Lewis*  asparagine  conjugate  5  was 
selectively  and  alternatively  deblocked  either  by  Pd(0>-  or  Rh(I)-catalyzed  cleavage  of 
the  allyl  ester  to  give  6  or  by  acidolytic  removal  of  the  Boc  group  to  form  7.  Chain 
extension  and  subsequent  N-terminal  deblocking  furnished  8,  which  was  condensed 
with  6  to  form  the  glycopeptide  9  containing  two  Lewis*  antigen  side  chains. 
Further  chain  extension,  deprotection  and  coupling  with  BSA  gave  a  synthetic 
Lewis*  antigen  glycoprotein.  According  to  its  clustered  Lewis*  antigen  structure,  this 
synthetic  glycoprotein  should  exhibit  enhanced  activity  towards  both,  receptors  and 
the  immune  system. 

The  examples  given  illustrate  that  glycopeptides  of  biologically  interesting 
structure  can  be  synthesized  in  preparative  amounts  and  high  purity  using  the 
developed  selective  methods. 


H.  Kunz  el  aL 


Glycopeptides 


Boc-HN, 


AcO 


OAc 


HN  X 

'gV 


OA11 


H»csaZoAc 

AcO5^  S 

(Ph-^RhCl/ 

ElOHJHjO 

““-"V'OH 

AcO  <OAc  V 

AcO  0Ac  I  A  NH 

w  rr-rW  EDC/HOBt 

H3CZ^/oAc 

I  OAc 

AcOUAC  6  93% 


H-nyk 

AcO  .OAc  QyJ 

.  I  OAc 


AcO 
AcO '°Ac 


"AcNH 
'OAc 


1.  Boc-Gly-OH/IIDQ 

2.  HCl/EteO 

HC1  HGiy-HN 


AcO; 


-Gly-HN  X 
AcO  <OAc  QyJ 

Aco"oA°c  r^NS 

»3  CZ^7( 

I  OAc 


OA11 


AcO 


AcO 


Boc-HN 


OAc 


AcO 


/r»v  I 

A  OAc 


8  82% 


OAc 


AcO  OAc  J  AcNH 

WprSZoAc 


Ac0OAc 


9  64% 


References 


1 .  Ivatt,  R.J.  (Ed),  The  Biology  of  Glycoproteins,  Plenum  Press,  New  York,  U.S.A., 
1984. 

2.  Kunz,  H.,  Angew.  Chem.  Int.  Ed.  Engl.,  26  (1987)  294. 

3.  Schultheiss-Reimann,  P.  and  Kunz,  H.,  Angew.  Chem.  Int  Ed.  Engl.,  22  (1983)  62. 

4.  Kunz,  H.,  Bimbach,  S.  and  Wemig,  P.,  Carbohydr.  Res.,  202  (1990)  207. 

3.  Dippold,  W.,  Steinborn,  A.,  Meyer  zum  Bflschenfekk,  K.-H.,  Bimbach,  S.  and  Kunz, 
H.,  unpublished  results. 

6.  Kunz,  H.  and  Waldmann,  H.,  Angew.  Chem.  Int  Ed.  Engl.,  23  (1984)  71. 

7.  Kunz,  H.  and  Unverzagt  C.,  Angew.  Chem.  Int  Ed.  Engl.,  23  (1984)  436. 

8.  Kunz,  H.  and  Dombo,  B.,  Angew.  Chem.  Int  Ed.  Engl.,  27  (1988)  711. 

9.  Friedrich-Bochnitschek,  S.,  Waldmann,  H.  and  Kunz,  H.,  J.  Org.  Chem.,  34  (1989) 
751. 

10.  Ciommer,  M.  and  Kunz,  H.,  Synlett,  (1991)  593. 

1 1 .  Kunz,  H.  and  Unverzagt  C.,  Angew.  Chem.  Int  Ed.  Engl.,  27  (1988)  1697. 

1 2.  Kunz,  H.  and  MSrz,  J.,  Synlett  (1992)  391. 


323 


The  role  of  prenylation  in  the  interaction  of  the 
a-factor  mating  pheromone  with  phospholipid 

bilayers 


R.F.  Epand1,  CJB.  Xue2,  S.-H.  Wang2,  F.  Naider2, 
J.M.  Becker3  and  R.M.  Epand1 

1 Department  of  Biochemistry,  McMaster  University  Health  Sciences 
Centre,  1200  Main  Street  West,  Hamilton,  Ontario,  LSN  375,  Canada 
2 Department  of  Chemistry,  College  of  Staten  Island,  City  University  of 
New  York,  Staten  Island,  NY  10301,  U.S.A. 

3 Department  of  Microbiology  and  Program  in  Cellular,  Molecular,  and 
Developmental  Biology,  University  of  Tennessee,  Knoxville, 

TN  37996,  U.S.A. 


Introduction 

Isoprenylation  is  a  common  post-translational  modification  of  proteins  2]. 
This  post-translational  modification  affects  the  cellular  processing  and  biological 
activity  of  the  attached  peptide  or  protein.  For  example,  mutant  Ras  proteins  do  not 
manifest  oncogenicity  in  mammalian  ceils  unless  they  are  farnesylated  [3].  It  has 
recently  been  shown  that  famesylation  of  Ras2  is  necessary  to  obtain  optimal 
binding  to  adenylyl  cyclase  but  is  not  sufficient  for  maximal  partitioning  of  Ras2 
into  membranes  [4],  There  has.  not  been  a  systematic  study  of  the  consequences  of 
this  modification  on  peptide-lipid  n.  auctions. 

We  have  chosen  to  study  the  interaction  between  lipids  and  the  yeast  mating 
pheromone,  a-factor,  and  its  analogs.  This  lipopeptide  with  the  sequence 
YIIK  3VFWDPAC  is  farnesylated  on  the  side-chain  thiol  group  and  the  terminal 
carboxyl  group  is  in  the  form  of  a  methyl  ester.  It  is  particularly  attractive  to  study 
a-factor  because  its  relatively  small  size  allows  for  the  synthesis  of  analogs. 

Results  and  Discussion 

We  assessed  the  penetration  of  a-factor  and  its  analogs  into  a  phospholipid 
bilayer  using  the  fluorescence  emission  spectrum  of  the  Trp  residue  as  a  criterion. 
We  first  demonstrated  that  both  the  farnesylated  lipopeptide,  a-factor.  as  well  as  the 
S-methyl-a-factor,  which  has  only  a  methyl  group  replacing  the  famesyl  group  on 
the  Cys  residue,  have  the  same  fluorescence  emission  properties  when  dissolved  in 
methanol  with  a  maximum  at  343  run.  This  indicates  that  famesylation  alone  does 
not  induce  a  change  in  the  polarity  of  the  Trp  environment  when  the  lipopeptide  is 
dissolved  in  methanol.  In  addition,  both  the  a-factor  and  the  S-methyl-a-factor  have 
similar  fluorescence  emission  spectra  in  aqueous  solution  in  the  presence  of 
lysolecithin  micelles.  The  polarity  of  the  Trp  environment  in  lysoiecithin  is  similar 
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to  that  in  methanol  for  both  peptides.  The  a-factor  was  not  sufficiently  soluble  in 
water  to  measure  its  fluorescence  emission  under  these  conditions,  however,  the  S- 
methyl-a-factor  had  a  fluorescence  emission  maximum  in  10  mM  sodium  phosphate 
buffer,  pH  7.4,  at  352  nm,  compared  with  341  nm  in  the  presence  of  lysolecithin. 
This  indicates  that  even  without  farnesylation  the  S-methyl-a-factor  will 
spontaneously  partition  from  the  aqueous  to  the  membrane  phase,  in  the  presence  of 
sonicated  vesicles  of  dimyristoylphosphatidylcholine,  however,  there  is  a  marked 
difference,  with  the  a-factor  appearing  to  insert  more  deeply  into  the  lipid  bilayer  than 
the  S-methyl-a-factor. 

The  shift  of  the  bilayer  to  hexagonal  phase  transition  temperature  (Th)  of 
dielaidoylphosphatidylethanolamine  (DEPE),  with  the  addition  of  a  membrane 
additive  is  a  measure  of  how  this  additive  affects  the  relative  stability  of  the  bilayer 
vs  nonlamellar  inverted  phases.  This  information  has  proven  to  be  of  value  in 
predicting  the  effect  of  these  additives  mi  certain  membrane  functional  properties  [5]. 
In  order  to  compare  various  a-factor  derivatives,  we  measured  the  slope  of  a  plot  of 
Th  versus  the  mole  fraction  of  additive  (Table  1).  Positive  slopes  indicate  bilayer 
stabilizers  (relative  to  the  Hq  phase)  whereas  negative  slopes  indicate  compounds  that 
cause  a  relative  stabilization  of  the  hexagonal  phase. 

Table  1  Effect  of  a-factor  and  related  compounds  ontheTH  of  DEPE 


Substance 

Slope 

(Degrees/mol  fraction  additive) 

a-factor 

217  ± 

14 

trans,trans-famesol 

-188  ± 

54 

trans.trans-famesol  acetate 

m  ± 

27 

hexadecanol 

M  ± 

8 

S-hexadecanyl-a-factor 

T  ± 

19 

benzyl  alcohol 

49  ± 

32 

S-benzyl-a-factor 

112  ± 

50 

S-methyl-a-factor 

31  ± 

16 

S-methyl-a-factor  +  famesol3 

-194  ± 

10 

“Equimolar  amounts  of  these  materials  were  used. 


We  have  examined  the  influence  of  the  nature  of  the  hydrocarbon  group  on  the 
Cys12  sulfur  on  the  bilayer  stabilizing  tendency  of  the  peptide.  The  natural  form  of 
a-factor  is  famesylated  at  this  position.  The  farnesyl  group  in  isolation  is  a 
hexagonal  phase  promoter  (Table  1).  Despite  this,  when  the  farnesyl  group  is 
attached  to  the  peptide,  the  resulting  a-factor  becomes  a  good  bilayer  stabilizer. 
Indeed,  when  equimolar  amounts  of  S-methyl-a-factor  and  famesol  were  added  to 
DEPE,  the  Th  was  lowered  by  an  amount  similar  to  that  found  with  famesol  alone 
(Table  1).  Thus,  the  types  of  membrane  interactions  exhibited  by  a-factor  are  a 
consequence  of  the  covalent  linkage  of  the  peptide  and  lipid  moieties  and  cannot  be 
simulated  by  a  simple  mixture  of  these  two  components.  The  change  as  a  result  of 
farnesylation  is  not  simply  a  consequence  of  increased  hydrophobicity  and/or 
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membrane  partitioning  of  the  peptide.  This  is  clearly  demonstrated  by  comparing  the 
effects  of  S-bexadecanyl-n-factor  with  a- factor  on  lipid  polymorphism.  Famesylation 
leads  to  a  lipopeptide  (a-factor)  which  is  a  much  better  bilayer  stabilizer  than  is  S- 
hexadecanyl-a-factor  (Table  1).  This  is  not  likely  to  be  a  consequence  of  different 
membrane  partitioning  of  the  two  lipopeptides  since  both  the  hexadecanol  and 
farnesol  would  be  expected  to  have  similar  hydrophobicities  [6].  If  anything,  the 
hexadecanyl  peptide  may  be  somewhat  more  hydrophobic  as  indicated  by  its  greater 
retention  on  reversed-phase  HPLC  (data  not  shown).  The  greater  bilayer  stabilizing 
effect  of  a-factor  is  also  not  a  consequence  of  an  intrinsic  difference  in  the  effects  of 
the  corresponding  hydrocarbons  on  lipid  polymorphism  since  both  farnesol  and 
hexadecanol  have  similar  effects  on  Th  (Table  1).  Even  a  benzyl  group,  which  as 
illustrated  by  benzyl  alcohol  is  a  bilayer  stabilizer  by  itself,  is  not  able  to  shift  the 
Th  of  the  a-factor  peptide  as  much  as  famesylation  does.  It  thus  appears  that 
famesylation  results  in  a  particular  conformation  and/or  orientation  of  the  peptide 
moiety  of  a-factor  at  the  membrane  surface. 

Modification  of  the  a-factor  peptide  by  famesylation  alters  the  way  in  which  it 
interacts  with  membranes.  This  is  likely  to  have  consequences  not  only  on 
membrane  properties,  but  also  on  which  groups  or  protein  sites  in  a  biological 
membrane  will  have  access  to  the  lipoprotein.  We  suggest,  therefore,  that  the 
interaction  of  the  famesyl  side  chain  with  the  bilayer  results  in  a  presentation  of  the 
pheromone  to  the  receptor  which  is  an  important  determinant  of  activity. 
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Introduction 

Delivery  of  peptides  and  other  pharmaceutical  compounds  to  an  appropriate 
location  in  an  animal  cell  is  still  a  major  problem  in  biology  and  medicine  and  the 
large  effort  to  develop  safe  and  efficient  delivery  systems  indicates  this.  The 
attachment  of  lipid  moieties  has  been  one  of  the  more  popular  approaches  employed 
for  the  delivery  of  peptide  antigens  (or  other  molecules  of  interest)  [1]  and  for  the 
potentiation  of  the  immune  response  to  these  compounds  [1, 2]. 

A  novel  method  of  conjugating  amino  acids  and  peptides  to  fatty  acids  was 
developed  in  these  laboratories  [3,  4,  5]  using  Tris  (2-amino-2-hydroxymethyl- 1 ,3- 
propanediol)  as  a  multifunctional  linker.  This  method  enables  the  conjugation  of  1, 
2  or  3  fatty  acids  to  the  peptide  resulting  in  a  molecule  with  a  structure  that  mimics 
those  of  triglycerides.  We  have  synthesised  a  number  of  such  compounds  where  fatty 
acids  of  various  lengths  are  attached  to  different  peptides,  and/or  to  other  molecules  of 
interest.  Investigation  of  the  biological  properties  of  a  number  of  variants  showed 
that  fatty  acid  number  influenced  their  rate  of  uptake  into  cells  but  did  not  affect  their 
specificity  of  sub-cellular  localisation. 


CH20  -  R, 

I 

+NH3  -  (aa)„  -  CO  -  NH  -  C  -  CH20  -  R2 

I 

CH20  -  Rj 


Fig.  I.  General  structure  of  lipopeptide  conjugates  where  R,  R2  and  R}  are  fatty  acids. 

Resolto  and  Discussion 

Amino  acid/peptide-Tris  conjugates  were  prepared  by  incubation  of  their 
corresponding  N-protected  esters  with  Tris  [3].  Products  were  purified  by  preparative 
HPLC  and  then  acylated  with  fatty  acids  in  the  presence  of  DCC  and 
dime thylami nopyridine  (DMAP).  Palmitic,  myristic  and  lauric  acids  were  coupled  in 
this  fashion.  The  reaction  products  were  purified  either  by  chromatography  on  silica 
gel  or  by  preparative  HPLC. 
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After  the  removal  of  the  N-protecting  moiety  the  free  amino  acid  could  be 
reacted  with  fluorescein  isothiocyanate  (F1TC)  and  the  labelled  products  purified  by 
HPLC. 

We  have  found  that  these  peptide-fatty  acid  conjugates  interact  very  rapidly  with 
mammalian  cells,  readily  crossing  the  lipid  bilayer  of  the  plasma  membrane  into  the 
cytoplasm  under  physiological  conditions  and  localising  in  specific  intracellular 
membranes  and  organelles.  The  presence  of  a  different  number  of  fatty  acid  chains 
(from  1  to  3  molecules)  has  a  profound  effect  on  both  the  rate  of  entry  of  the 
conjugates  into  the  cell  and  their  persistence  over  time. 

Preliminary  experiments  on  whole  live  Drosophila  embryos  have  shown  that 
the  membrane  of  a  dechorionated  embryo  is  readily  traversed  by  the  fluorescein- 
labelled  tris-palmitate  conjugate.  Over  a  period  of  two  hours  some  embryos  appeared 
to  concentrate  the  conjugate  in  the  pole  cells,  which  subsequently  become  the 
animal's  germ  cells. 

The  clearest  conclusion  from  these  experiments  was  that  the  monopalmitate 
(alanine-Tris-palmitate,  ATP,)  has  a  greater  capacity  to  rapidly  interact  with  the  cells. 
A  number  of  separate  points  were  noted:  (a)  ATPt  crosses  into  the  cell  more  rapidly; 
(b)  it  crosses  the  nuclear  membrane  more  rapidly  than  conjugates  containing  two  or 
three  fatty  acids;  (c)  ATP,  was  also  able  to  cross  membranes  of  paraformaldehyde 
fixed  cells  whereas  the  other  conjugates  could  not,  indicating  that  it  did  not  require 
cellular  activity  for  efficient  entry;  (d)  ATP,  persisted  in  the  cell  to  a  greater  degree 
than  the  di-and  tri-palmitates,  (ATP2  and  ATP3). 
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Introduction 

Electrospray  mass  spectrometry  (ESMS)  is  a  fast  evolving  analytical  technique 
which  can  be  used  to  determine  the  molecular  weights  of  intact  proteins  and 
glycoproteins.  The  mass  accuracy  of  the  technique  is  in  many  instances  better  than 
0.01%  and  masses  differing  by  as  little  as  0.1%  can  be  resolved.  This  resolution  can 
be  increased  by  the  application  of  maximum  entropy  (MaxEnt)  to  the  data. 
Electrospray  is  therefore  ideal  for  detecting  and  assigning  post  translational 
modification  of  intact  proteins.  Furthermore,  the  coupling  of  liquid  chromatography 
and  electrospray  mass  spectrometry  provides  a  fast  and  highly  sensitive  method  for 
the  detection  of  glycopeptides  produced  from  an  enzyme  digestion  of  a  glycoprotein. 

Glycoprotein  glycoforms  affect  the  biological  activity  and  pharmacokinetic 
behaviour  of  many  glycoconjugates.  Their  detection  and  analysis  has  become 
increasingly  important  in  structure  function  studies  as  well  as  in  the  manufacture  of 
recombinant  glycoproteins.  Although  full  characterisation  of  glycoprotein  glycan 
requires  their  release  from  the  protein,  it  would  be  of  considerable  advantage  to  be 
able  to  detect  particular  glycoforms  in  the  intact  protein. 

In  this  study  we  demonstrate  the  resolving  power  of  electrospray  mass 
spectrometry  using  MaxEnt  applied  to  the  intact  plant  glycoprotein  horseradish 
peroxidase  showing  that  the  individual  glycoforms  can  be  resolved.  This  can  be 
compared  with  data  obtained  from  a  recombinant  horseradish  peroxidase  and  two 
variant  strains.  The  glycopeptides  produced  by  enzyme  digestion  of  HRP  were 
mapped  and  analysed  by  LC/MS  and  compared  to  those  peptides  produced  from  the 
recombinant  non  glycosylated  protein  produced  in  E.  coli. 

Results  and  Discussion 

The  data  were  obtained  on  Fisons  Instruments/VG  BioTech  Quattro  triple 
quad ru pole  and  Platform  single  quadrupole  mass  spectrometers  using  electrospray 
ionisation  at  atmospheric  pressure.  The  horse  radish  peroxidase  was  obtained  from 
Sigma  Chemical  Co.,  St  Louis,  MO.  The  recombinant  HRP  and  the  two  variants 
were  supplied  as  part  of  a  collaboration  with  Dr  Andrew  Smith,  University  of 
Sussex,  Brighton,  U.K. 

HRP  and  recombinant  HRP  were  digested  with  trypsin  and  the  resulting 
peptides  and  glycopeptides  were  analysed  by  on-line  LC/MS. 
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The  mean  mass  error  between  observed  and  calculated  glycoforms  was  1.5Da. 
The  molecular  masses  determined  for  the  recombinant  protein  and  variant  horseradish 
peroxidase  proteins  F142A  and  R38K  were  34041.8,  33965.5  and  33979.3, 
respectively.  The  differences  between  the  expected  and  calculated  molecular  weights 
for  the  recombinant  protein  and  the  F142A  variant  were  0.3  and  O.lDa  respectively. 
The  variant  R38K  is  outside  this  range  and  may  in  fact  be  a  double  mutant.  Other 
possible  mutations  accounting  for  the  mass  difference  could  be  either  His-Cys,  Met- 
Pro,  Phe-Ile/Leu  or  Tyr-Gly. 

On  line  separation  of  the  tryptic  peptides  and  glycopeptides  obtained  from  both 
recombinant  HRP  and  the  natural  glycoprotein,  analysed  in  positive  ion  electrospray, 
produced  the  chromatograms  shown  in  Figures  1  and  2.  The  digested  natural  HRP 
was  also  analysed  by  on-line  LCMS  in  the  negative  ion  mode).  The  peaks  in  the 
chromatogram  are  labelled  according  to  the  corresponding  tryptic  peptide  or 
glycopeptide  fragment  number.  Several  of  the  chromatographic  peaks  contain  more 
than  one  component.  These  unseparated  components  can  be  easily  identified  by  mass 
analysis. 

The  glycoforms  inferred  in  the  intact  proteins  are  made  cm  the  basis  of  the 
known  structure  of  the  principle  glycan  component  present  and  the  mass  differences 
between  this  and  other  components  in  the  spectrum.  These  components  correspond  in 
many  but  not  all  cases,  with  the  glycans  released  from  horseradish  peroxidase  by 
hydiazinolysis  [1].  The  recombinant  form  of  horseradish  peroxidase  corresponds  to 
that  of  the  known  amino  acid  sequence  plus  an  additional  methionine  residue  at  the 
N-terminus.  The  F142A  variant  also  has  the  correct  molecular  weight.  The  second 
mutant  R38K  does  not  have  the  correct  molecular  mass  calculated  for  this  variant, 
but  other  experiments  have  also  suggested  that  this  may  in  fact  be  a  double  mutation. 
On-line  LC/MS  analysis  of  the  peptides  produced  from  the  natural  and  recombinant 
proteins  allowed  identification  of  the  peptides  and  glycopeptides  by  mass 
measurement. 
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Introduction 

Mannose  6-phosphate  (Man-6-P)  has  been  shown  to  be  an  inhibitor  of 
inflammation  in  the  central  nervous  system  [1].  The  anti-inflammatory  effect  of 
Man-6-P  may  be  due  to  an  inhibition  of  the  interaction  between  the  Man-6-P 
receptors  (MPR's)  and  lysosomal  enzymes,  as  these  interactions  are  partly 
responsible  for  the  intracellular  transport  and  binding  of  lysosomal  enzymes  [2,  3, 4], 

Man-6-P  residues  are  present  at  the  terminal  positions  of  asparagine  linked 
oligosaccharides  of  the  high  mannose  type  in  lysosomal  enzymes  [5].  Binding 
inhibition  studies  have  shown  that  mannobiosides  phosphorylated  at  the  terminal 
position  and  linked  a(l-2)  are  better  inhibitors  of  the  binding  to  the  MPR's  than 
Man-6-P  itself,  and  also  than  the  corresponding  a(l-6)  and  a(l-3)  linked  isomers. 
Branched  divalent  ligands  with  two  terminal  Man-6-P  units  gave  much  stronger 
inhibitory  effects  (6-20  times  higher)  than  the  corresponding  monophosphorylated 
compounds  [5, 6], 

We  therefore  found  it  interesting  to  synthesize  glycopeptides  containing  two  6'- 
O-phosphorylated  mannobiosides  as  bidental  ligands  for  the  MPR's,  where  the 
peptide  backbone  mimics  the  rest  of  the  oligosaccharide.  A  force  field  calculation 
using  the  GEGOP  program  [7]  was  performed  on  the  core  structure  of  the  ^-linked 
oligosaccharide  and  this  showed  the  distance  between  the  phosphorylated  disaccharides 
to  be  9-13  A,  which  corresponds  to  three  to  five  amino  acids. 

We  here  report  a  convenient  multiple  column  solid-phase  peptide  synthesis 
(MCPS)  [8]  of  glycopeptides  containing  two  mannobiosides  phosphorylated  at  the 
terminal  position  and  linked  o(l-2)  and/or  a(l-6).  The  glycopeptides  also  contain  a 
fluorescence  probe,  which  allows  easy  monitoring  in  biological  assays.  Eleven 
glycopeptides  were  synthesized  containing  either  3, 4  or  3  amino  acids,  as  presented 
below. 

Results  and  Discussion 

The  most  convenient  method  for  the  synthesis  of  the  glycopeptides  containing 
6'-0 -phosphorylated  a(l-2)  and/or  a(l-6)  linked  disaccharides  utilizes 
phosphorylated,  glycosylated  threonine  (or  serine)  building  blocks  in  MCPS.  Man- 
6-P  is  the  nonreducing  carbohydrate  unit  in  both  the  a(l-2)  and  a(l-6)  linked 
disaccharides,  and  the  optimal  strategy  was  to  synthesize  a  protected,  phosphorylated 
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monosaccharide  unit,  which  could  be  incorporated  into  both  disaccharides  by 
glycoside  synthesis  [9].  Therefore  phenyl  2,3,4-tri-O-benzoyl-l-thio-a-D- 
mannopyranoside  was  phosphorylated  using  bis(2,2,2-trichloroethyl)- 
phosphochloridate  and  pyridine.  The  resulting  compound  was  converted  into  the 
corresponding  glycosyl  bromide  by  addition  of  bromine  and  used  in  silver  triflate 
promoted  glycosylations  of  phenyl  2,3,4-tri-O-benzoyl-l-thio-a-D-mannopyranoside 
and  1,3,4,6-tetra-O-acetyl-p-D-mannopyranose,  respectively.  The  resulting 
disaccharides  were  converted  into  glycosyl  bromides  with  bromine  and  hydrogen 
bromide,  respectively,  and  used  in  silver  triflate  promoted  glycosylations  of  Fmoc- 
Thr-O-Pfp  to  give  the  two  phosphorylated  building  blocks  in  high  yield. 

To  find  optimal  cleavage  conditions  for  the  2,2,2-trichloroethyl  groups  the 
peptide  Ac-Thr(Bz3-Man-6-0-P(0)(0CH2CCI3)2-a(  1  -6)-Bz3-Man)-NH2  was 
synthesized.  Various  conditions  were  studied,  but  only  deprotection  in  pyridine 
containing  10%  acetic  acid  using  Zn  and  Ag2C03  gave  quantitative  deprotection.  The 
phosphate  moiety  has  to  be  deprotected  before  the  hydroxyl  groups  to  avoid  cyclic 
phosphate  formation  and  migration. 

The  building  blocks  were  used  in  MCPS,  using  the  Fmoc  strategy  on  a  PEGA 
1900/130  resin  with  an  amide  linker  [10].  Eleven  glycopeptides  were  synthesized, 
each  containing  two  6'-0-phosphorylated  mannobiosides.  All  the  peptides  contain 
the  fluorescence  probe  anthranilic  acid  linked  to  the  N6  of  Lys: 

Ac-Thr(a-D-Man-6P-(1  -2)-a-D-Man)-Lys(ABz)-Thr(a-D-Man-6P-(l  -2)-a-D-Man)-NH2 
Ac-Thr(a-D-Man-6P-(  1  -2)-a-D-Man)-Lys(ABz)-Thr(a-D-Man-6P-(  1  -6)-a-D-Man)-NH2 
Ac-Thr(a-I>Man-6P-(l  -6)-a-D-Man)-Ly  s(ABzKIhr(a-D-Man-6P-(l  -IFa-D-Manl-Nl^ 
Ac-Th  r(a-D-Man-6P-(  1  -6)-a-D-Man)-Lys(ABz)-Thr(a-D-Man-6P-(  1  -6)-a-D-Man)-NH2 
Ac-Th  rla-D-Man-6P-(l-2)-a-D-Man)-Lys(ABz)-Gly-'nir{a-I>-Man-6P-(l-2)-a-D-Man)- 
NHj 

Ac-Th  r(ct-D-Man-6P-(l  -2)-a-D-Man)-Lys(ABz)-Gly-Thr(a-D-Man-6P-(l  -6)-a-D-Man)- 
NH2 

Ac-Th  r(a-D-Man  -6P-(  1  -6)-a-D-Man)-Lys(ABz)-Gly-Thr(a-D-Man-6P-(  1  -2)-a-D-Man)- 
NHj 

Ac-Th  r(a-D-Man-6P-(l-2)-a-D-Man)-Gly-Lys(ABz)-Gly-Thrta-D-Man-6P-(l  -2)-a-D- 
Manl-NHj 

Ac-Th  r(a-D-Man-6P-(  1  -2)-a-D-Man)-Gly-Lys(ABz)-Gly-Thr(a-D-Man-6P-(l  -6)-a-D- 
Manl-NHj 

Ac-Th  r(a-D-Man-6P-(l-6)-a-D-Man)-Gly-Lys(ABz)-Gly-’Ihr(a-I>-Man-6P-(l-2)-a-D- 
Manl-NHj 

Ac-Th  r(a-D-Man-6P-(  1  -6)-«-D-Man)-Gly-Ly  s(ABzKHy-Thr(a-D-Man-6P-(l  -6)-a-D- 
Manl-NHj 

The  phosphate  moieties  woe  deprotected  as  described  above,  and  the  acyl  groups 
were  removed  with  hydrazine  in  chloroform:methanol,  1:4.  The  'H  NMR  spectrum 
of  one  of  the  fully  deprotected  glycopeptides  is  shown  below. 

The  glycopeptides  will  be  used  in  inhibition  studies  of  binding  to  the  MPR's. 
In  conclusion,  a  facile  method  for  the  synthesis  of  glycopeptides  containing 
phosphorylated  carbohydrate  moieties  has  been  developed. 
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Fig.  1.  500  MHz  lH  NMR  spectrum  of  a  fully  deprotected  phosphorylated  glycopeptide  in 
D20:CD3C00D.  1:1. 
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Introduction 

Synthetic  glycopeptides  may  be  useful  targets  in  many  areas  of  chemistry, 
biology,  and  medicine.  Recently,  three  observations  prompted  us  to  search  for 
biotechnological  uses  of  glycosylation  of  peptides.  First,  we  demonstrated  that 
glycosylating  synthetic  medium-sized  peptides  results  in  the  break  of  dominant  a- 
helical  structures  and  stabilizes  fl-tums  [1],  and  showed  that  existing  turns  can  be 
further  stabilized  or  the  turn  geometry  modified,  by  glycosylation  [2,  3],  Second, 
glycosylation  may  protect  major  histocompatibility  complex  (MHC)-binding 
peptides  from  proteolytic  attack  (4],  Third,  post-translationally  modified  versions  of 
T  cell  epitopic  peptides  seem  to  bind  to  MHC,  but  fail  to  bind  to  the  T  cell  receptor, 
or  be  appropriately  processed  [5].  Since  many  of  the  peptide-drug  leads  assume 
different  reverse-turn  structures,  these  features  make  the  synthetic  glycopeptides 
attractive  compounds  for  rational  drug  design. 

Results  and  Discussion 

The  stability  of  glycosylated  T  peptides  [3]  in  25%  human  serum  was 
investigated.  The  octapeptide  (ASTTTNYT),  its  C-terminal  pentapeptide  analog 
(TTNYT),  and  N-terminally  asparagine-containing  derivatives  (NASTTTNYT  and 
NTTNYT)  exhibited  half-lives  of  less  than  300  minutes.  No  detectable  degradation 
was  found  in  a  4000  minute  study,  however,  when  the  extra  N-terminal  asparagine 
was  glycosylated  with  N-acetyl-glucosamine  (GlcNAc).  This  is  understandable  since 
T  peptide  degradation  has  been  shown  to  proceed  via  ami  nopeptidase  activity  [6].  An 
.proximate  4-fold  increase  of  the  serum  half-life  was  detected  after  incorporation  of 
GlcNAc  to  the  internal  asparagine  of  the  pentapeptide  (Figure  1 ),  but  not  into  the 
octapeptide.  The  stability  of  these  peptides  is  correlated  with  the  markedly  changed 
conformation  of  the  previous  peptide,  but  not  of  the  latter  one,  after  glycosylation 
[4]. 

The  biologically  active  conformation  of  the  RGD  peptide  family  has  been 
shown  to  be  a  p-tum.  We  synthesized  glycopeptide  variants  of  peptide  GRGDSPK 
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in  which  GlcNAc  was  walked  through  the  molecule  in  order  to  determine  whether 
stabilization  of  the  secondary  structure  of  the  peptide  results  in  increased  inhibition  of 
binding  of  fibrinogen  to  the  integrin  receptor  GPIIbllla  on  a  solid-phase  ELISA 
assay.  Although  only  minor  conformational  changes  were  detected  by  CD  after 
glycosylation,  the  in  vitro  biological  activity  was  altered,  ranging  from  a  2-fold 
decrease  to  a  3-fold  increase  (Table  1). 


Time  (minutes) 

Fig.  I.  Inhibition  of  serum  degradation  of  peptide  H-Thr-Thr-Asn-Tyr-Thr-NH2  by 
incorporation  of  GlcNAc  into  the  asparagine  residue.  Peptide  analysis  was  carried  out  by 
reversed-phase  high  performance  liquid  chromatography  after  digestion  of  the  samples 
with  25%  human  serum. 


0  0  2  4  7 

Number  ot  Added  Glucose  Units 


Fig.  2.  Stimulation  of  T  cell  clone  Fl-36  by  synthetic  peptides  DCTLIDALLGDPH, 
NCTLIDALLGDPH  and  corresponding  glycopeptides.  The  oligosaccharides  consisted  of 
oligomers  of  a-glucose  units  attached  to  the  asparagine  residue  via  a  fi-glycosylic  bond. 
The  T  cell  clone  was  cultured  with  250  mmolar  peptide  and  antigen  presenting  cells  for  4 
days  and  3H-thymidine  incorporation  during  the  last  18  hours  determined. 
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Table  1  Inhibition  ofGPlMHa/fibrinogen  binding  by  glycosylated  RGD  peptides 


Peptide  sequence  Relative  potency  by  ELISA* 


Ac-GIy- Arg-Gly-Asp-Ser-Pro-Lys-NHj  1 . 0 

Ac-AsnCGlcNAcHjly-Arg-Gly-Asp-Ser-Pro-Lys-NHj  1.1 

Ac-Gly-Arg-Gly-Asp-Ser-Pro-Lys-As^GlcNAcy-NHj  0.5 

Ac-AsnfGlcNAcKJly-Arg-Gly-Asp-Ser-Pro-Lys-AsntGlcNAcVNHj  0.7 
Ac-Gly-Arg-Gly-Asp-Se^GlcNAcVPro-Lys-NHj  3.4 

aA  relative  potency  of  1.0  corresponds  to  an  ICjo=  5.1  x  10" 5  nM. 

The  influence  of  the  length  of  the  sugar  on  the  stimulation  of  proposed 
glycosylation-dependent  [7]  and  glycosylation-independent  T  cell  clones  (derived  from 
the  hemagglutinin  of  the  influenza  virus)  was  investigated  by  testing  the  in  vitro 
activity  of  glycopeptides  containing  2-7  glucose  moieties  (oligomers  of  maltose). 
Peptides  DCTLIDALLGDPH  and  NCTLIDALLGDPH  stimulated  clone  FI -36  well, 
but  this  stimulation  was  gradually  eliminated  by  glycosylation  of  the  asparagine  with 
sugars  of  increasing  length  (Figure  2).  Glycosylation  of  the  N-terminal  asparagine 
residue  of  a  different  influenza  T  cell  determinant  analog,  NKYVKQNTLKLA  with 
di-  or  hexasaccharides  did  not  affect  the  T  cell  stimulation  of  clone  4.51 . 

Our  results  indicate  that  glycosylated  synthetic  peptides  may  be  more  resistant 
to  serum  proteases.  Glycosylation  offers  a  viable  alternative  to  the  peptide  mimetics 
approach  in  rational  drug  design,  possibly  including  the  prevention  of  unwanted 
immune  responses. 
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Introduction 

Pulmonary  surfactant  is  a  complex  mixture  of  phospholipids,  and  ca.  5% 
proteins  which  are  secreted  by  alveolar  pneumocytes  and  exert  an  important  role, 
predominantly  by  reducing  the  surface  tension  at  the  air-water  interface  of  the  lung 
epithel  [1],  Among  the  surfactant  proteins  known  thus  far,  the  hydrophobic  SP-B 
(ca.  16  kD)  and  SP-C  (ca.  5  kD)  proteins  have  found  high  interest  in  the  development 
of  surfactant  preparations  for  the  therapy  of  respiratory  distress  syndrome  [2]. 
Although  amino  acid  sequences  of  SP-B  and  SP-C  have  been  derived  from  the  gene 
structures,  structural  studies  of  the  proteins  proved  difficult  or  unfeasible  due  to  their 
extreme  hydrophobicity.  By  contrast,  desorption-ionization  mass  spectrometry  (252- 
Cf  plasma  desorption,  PDMS;  electrospray,  ESMS)  were  particularly  successful. 
Combined  with  selective  chemical  modification  and  cleavage,  PDMS  and  ESMS 
enabled  the  complete  primary  structure  determination  of  natural  and  recombinant  SP- 
C  proteins.  Of  particular  interest  has  been  the  identification  by  ESMS  of  specific 
dimeric  structures  which  in  analogy  to  leucine  zipper  proteins  are  formed  by  the 
hydrophobic  C-terminal  part  of  the  protein  (see  Figure  2).  This  dimerization  and  the 
modified,  palmitoylated  structure  are  suggested  to  constitute  essential  elements  for 
the  biological  function  of  SP-C. 

Results  and  Discussion 

Natural  SP-C  proteins  from  several  species  were  isolated  by  lung  lavage  using 
organic  solvent  extraction,  followed  by  Sephadex  LH-60  chromatography  and  final 
C4-RP-HPLC  purification  [3].  For  primary  structure  determination,  PDMS  and 
ESMS  were  used  as  predominant  methods  in  combination  with  selective  fatty  acid- 
deacyiation  by  DTT,  S-alkylation,  and  N-terminal  Edman/PDMS  sequence  analysis 
[4],  and  yielded  abundant  protonated  ([M  +  nH]1*)  or  [M  +  Na]+  molecular  ions  and 
partially  sequence-specific  fragment  ions  [3].  Complete  primary  structures  are 
compared  in  Table  1  including  a  recombinant  human  SP-C  expressed  in  E.  coli.  All 
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natural  SP-C  proteins  contain  a  strictly  conserved  N-terminal  -PCC/XP-  sequence 
(X=Phe)  with  one  or  two  palmitoylated  cysteine  residues,  Lys-Arg  residues  in 
positions  10/1 1,  followed  by  an  extremely  hydrophobic  C-terminal  domain  of  24/25 
residues.  Mass  spectrometric  analyses  revealed  that  SP-C  proteins  from  proteinosis 
patients,  and  from  amniotic  fluid  hid  unchanged  sequences,  but  consistently  showed 
partial  or  complete  lack  of  palmitoylation.  Attempts  to  synthesize  the  entire  SP-C 
protein  by  standard  SPPS  procedures  failed  due  to  its  extreme  hydrophobicity,  while 
an  N-terminal  palmitoylated  model  peptide  was  amenable  by  chemical  synthesis. 
However,  human-identical  SP-C  (rh-SP-C)  has  been  prepared  by  selective  Cys- 
palmitoylation  of  recombinant  SP-C  (see  Figure  1). 


Table  1  Primary  structures  of  SP-C  proteins  from  different  species. 

1  10  20  30 
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Fig.  1.  ES  mass  spectra  of  natural  human  SP-C  (left)  and  palmitoylated  rh-SP-C  (right). 
Molecular  ions  A,B.in  natural  SP-C  are  due  to  heterogeneity  by  one  N-terminal 
Phe-residue. 
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Fig.  2.  Structural  model  and  possible  lipid  monolayer  insertion  of  SP-C  dimer. 


Evidence  for  the  formation  of  specific,  “leucine  zipper-analogue”  dimeric 
structures  was  obtained  from  selective  protein-chemical  reactions,  spectroscopic  and, 
particularly,  ESMS  data.  ESMS  provided  the  direct  identification  of  dimers  by 
specific  odd  charge  molecular  ions  ([M  +  5H]5*),  showing  homodimer  formation  for 
rh-SP-C  and  heterodimers  for  the  two  forms  (A.B-)  of  natural  human  SP-C  (Figure 
1).  Protein-chemical,  secondary  structure  prediction  and  molecular  modelling  data  are 
consistent  with  a  stable,  a-helical  dimerization  motif  (12-35)  flanked  by  two  basic 
(R11,  K10)  residues,  which  are  resistant  to  trypsin  digestion;  these  residues  in  the  SP- 
C(l-14)  peptide  and  Arg2  in  rat  SP-C  are  readily  digested.  Furthermore,  the  Met32 
residue  of  SP-C  was  resistant  to  BrCN  cleavage.  No  dimerization  was  found  for  the 
SP-C(1-14)  model  peptide.  Based  on  these  data  and  results  showing  the  essential  role 
of  the  palmitoylation  for  the  in  vitro  surface  activity  of  SP-C,  a  structural  model 
(Figure  2)  is  suggested  for  the  insertion  of  the  cys-palmitate  residues  in  the  lipid 
monolayer  film  at  the  alveolar  surface,  and  their  stabilization  and  enhancement  of 
monolayer  spreading  kinetics  by  the  dimeric  structure.  The  possible  function  of  the 
dimerization  for  the  biological  activity  of  SP-C  is  currently  being  investigated. 
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Introdoction 

Muramyl  dipeptide  (N-acetylmuramyl-L-alanyl-D-isoglutamine,  MDP)  is  the 
smallest  subunit  of  bacterial  cell  walls  possessing  immunoadjuvant  activity  with  the 
ability  to  replace  micobacteria  in  Freund's  Complete  Adjuvant  [1],  Due  to  their 
prophylactic  and  therapeutical  uses,  a  large  number  of  analogues  has  been  synthesized 
in  the  past  and  their  immunostimulant  activities  were  tested  [2,  3,  4].  In  this 
communication  we  describe  a  solid  phase  approach  which  allows  to  synthesize  MDP 
and  its  derivatives  via  a  convenient  route  with  high  purity  using  our  recently 
developed  4-benzoxy-dimethoxy-benzylamine-(styrene-l%-divinylbenzene)  resins  with 
aminomethylene  functions  in  o-,  p-,  in  o.o-  or  oppositions.  These  resins  are 
coupled,  applying  the  conventional  Fmoc/Bu'  strategy,  with  the  D-  and  L-isomers  of 
Fmoc-Glu(OBu‘)-OH  and  Fmoc-Ala-OH,  to  yield  dipeptide  resins  to  which  the 
carbohydrate  derivatives  and  polycyclocarbonic  acids  are  attached. 

Results  and  Discussion 

Figure  1  shows  the  structures  of  the  resins  la- Id  and  the  subsequent  coupled 
carbohydrates  2, 4  and  6  and  polycyclocarbonic  acids  3  and  5. 


jo.  h  -  H-L-Aio-L-a<oa/H«-ov- 
i.  R  — 

Jt  R  -  fy+H-CHf- 

U  «  «  H-o-tu-o-tupn h-w+-os- 


Fig.  I.  Structures  of  the  synthesized  resins  lm-14,  carbohydrate  derivatives  2,  4,  6  and 
polycyclocarbonic  acids  3  and  5. 
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The  protected  muramic  acid  is  synthesized  from  2-acetamido-2-deoxy-D- 
glucopyranoside  via  benzyl  2-acetamido-2-deoxy-4,6-benzylidene-a-D-glucopyrano- 
side.  To  a  dioxane  solution  of  the  latter  sodium  hydride  is  added  and  the  mixture 
stirred  at  95'C  for  l  h.  After  cooling  to  65‘C,  D,L-a-chloropropionic  acid  and  after 
1  h  again  sodium  hydride  are  added.  The  mixture  is  stirred  over  night  at  65*C  and 
after  workup  and  recrystallization  2  is  obtained  with  90%  optical  purity  (D-lactyl 
residue).  This  racemic  mixture  is  used  for  coupling  to  the  dipeptide  resins.  After 
removal  of  the  benzyl  muramyl-D-alanyl-D-isoglutamine  from  the  resin,  the  HPLC 
of  the  crude  product  (Figure  2,  panel  A)  shows  besides  the  major  peak  a  neighbouring 
one  at  somewhat  higher  retention  time,  caused  by  benzyl  isomuramyl-D-alanyl-D- 
isoglutamine  resulting  from  the  starting  material.  While  the  synthesis  of  3,6- 
anhydro-4-0-[D-l-(carbonyl-L-alanyl-D-isoglutamine)ethyl]-D-glucal  suffers  from 
minor  side  reactions,  adamanty  1- 1  -carbony  1-L-alanyl-D-isoglutamine  and  camphor-±- 
3-carbonyl-L-alanyl-L-isoglutamine  are  received  in  almost  100%  purity  (Figure  2, 
panels  B,  C,  D).  The  structures  of  the  synthesized  products  are  confirmed  by  FAB, 
FD,  and  LD  MS  (Finnigan  MAT,  Bremen,  Germany)  and  'H  NMR  spectroscopy 
demonstrating  that  the  new  anchor  resins  give  easy  access  to  muramyl  dipeptide, 
respectively  its  derivatives.  The  four  resins  la-ld  are  all  equally  suitable  for  their 
syntheses.  Furthermore  the  biological  activities  of  the  synthetic  muramyl  dipeptide 
derivatives  are  tested  according  to  reference  [5],  using  the  luminol-dependent 
chemiluminescence  associated  with  the  phagocytosis  of  opsonized  zymosan  by 
granulocytes.  The  data  show  that  only  adamantyl-carbonyl-L-alanyl-D-isoglutamine 
has  an  activity  similar  to  MDP,  but  contrary  to  MDP,  the  activity  increases  at  higher 
concentrations. 
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Introduction 

The  automated  synthesis  of  glycopeptides  is  a  focus  of  research  in  many 
laboratories.  Recently  we  showed  that  Fmoc-Asn(sugar)-OH  synthons  couple  to 
resin-bound  amino  functions  with  acceptable  efficiency,  provided  that  the  hydroxyl 
groups  of  the  carbohydrates  remain  unprotected  [1,  2].  We  did  not  detect  significant 
acylation  of  the  sugar-hydroxyls  during  syntheses  or  decomposition  of  the  O- 
glycosidic  bonds  during  the  acidic  cleavage  in  a  great  many  di-  and  trisaccharide- 
containing  N-glycopeptides  (3, 4],  Although  some  characteristic  conformational  and 
immunological  properties  of  the  fragments  of  glycoproteins  are  present  in  the 
synthetic  glycopeptides  after  incorporation  of  the  first  or  the  first  two  sugar  moieties 
[3],  others  require  longer  sugar  chains  to  be  added  [6].  Here  we  report  the  synthesis 
and  secondary  structural  analysis  of  T-cell  epitopic  peptides  carrying  extended 
carbohydrate  systems. 

Results  and  Discussion 

Maltobiose  (Glc2),  maltotetrose  (GIc4),  maltohexose  (Glc^,  and  maltoheptose 
(G1c7)  were  converted  to  their  1 -amino  derivatives  with  the  conventional  NH4HC03 
method  [7],  and  the  resulting  amino-sugars  were  coupled  to  Fmoc-Asp-tBu.  The  free 
acids  were  obtained  after  cleavage  with  trifluoroacetic  acid  (TFA),  and  purification  by 
reversed-phase  high-performance  liquid  chromatography  (RP-HPLC).  In  spite  of  the 
long  carbohydrate  chain,  the  glycosylated  asparagine  derivatives  are  still  soluble  in 
DMF.  After  activation,  their  pentafluorophenyl  esters  couple  to  the  resin  with  a 
decreased  efficiency  as  the  size  of  the  sugar  increases  (Table  1).  The  Du  esters,  and 
the  free  acids,  were  characterized  by  fast-atom  bombardment  mass  spectroscopy  (FAB- 
MS)  and  NMR.  Asparagine-bound  Glc2,  Glc4,  or  Glc,  was  incorporated  into  the  N- 
terminus  of  CTLIDALLGDPH  (peptide  I),  and  Asn-bound  Glc2  or  Glc6  was  coupled 
to  the  N-terminus  of  KYVKQNTLKLA  (peptide  II).  Peptide  I  was  found  to  respond 
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to  T-cell  clones  directed  against  the  hemagglutinin  of  influenza  virus  in  a  sugar- 
dependent  manner,  and  peptide  n  to  respond  in  a  sugar-independent  manner.  Many  T- 
cell  epitopes  are  believed  to  be  amphipathic  a-helices,  and  indeed  both  non- 
glycosylated  peptides  assume  strong  a-helical  structure.  N-terminal  glycosylation 
does  not  interfere  with  the  dominant  conformations.  In  fact,  the  identical  circular 
dichroism  (CD)  spectra  of  peptide  I  and  NCGlc^peptide  I,  and  peptide  II  and  I^Glc^- 
peptide  II,  in  TFE  after  subtraction  of  the  molar  contributions  of  the  appropriate  H- 
Asn(sugar)-OH  derivatives,  indicate  that  such  mathematical  processing  of  the  CD 
spectra  of  the  glycopeptides  is  justifiable  (Figure  1).  The  heptasaccharide  itself  may 
form  one  turn  of  a  sugar-helix,  and  it  is  comparable  in  size  with  the  natural 
carbohydrate  antennae  (Figure  2). 


Fig.  J.  CD  spectra  of  non-glycosylated  and  glycosylated  influenza  hemagglutinin 
peptides  in  90-100%  trifluoroethanol  (TFE).  Curve  a  (solid  line)  NCTUDALbGDPH,  curve 
b  (dotted  line)  N(Glc7)CTUDALLGDPH,  curve  c  (dashes)  NKYVKQNTLKLA,  curve  d  (dots 
and  dashes)  N(Glc^KYVKQNTLKLA.  Spectra  were  taken  on  a  Jasco  J720  CD  instrument  at 
room  temperature.  Peptide  concentration  was  about  0.5  mg/ml. 


Fig.  2.  Structure  of  N(Glc7)CTUDALLGDPH  as  represented  by  the  molecular  modeling 
program  MM2. 
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Table  1  Characterization  of  Fmoc-Asn( sugar )-OH  derivatives 


Sugar 

RP-HPLC  retention 
time  (min) 

FAB-MS 

(M+H) 

Yield1 

Coupling  efficiency 
to  resin 

G1c2 

29.9 

679 

35% 

78%b 

G1c4 

28.7 

1003 

23% 

53%b 

G1c6 

27.8 

1327 

1349  (M+Na) 

14% 

24%c 

G1c7 

27.5 

1512  (M+Na) 

15% 

30%c 

"These  yields  represent  the  preparation  of  the  lBu  esters.  Higher  than  95%  yield  was 
observed  after  the  TFA  treatment. 
bA  4  molar  excess  of  the  acylating  glycoamino  acid. 

CA  0.9  molar  excess  of  the  acylating  glycoamino  acid  (due  to  the  high  price  of  the  starting 
sugars). 

Finally,  we  investigated  the  rate  of  the  in  situ  disulfide  bridge  formation  of 
peptide  1  as  a  function  of  the  length  of  the  proximal  oligosaccharide  chain.  After 
standing  for  about  22  hours  in  80%  TFE,  the  ratios  of  dimerized  glycopeptides  to 
monomeric  glycopeptides  were  as  follows:  No  sugar:  39%;  Glc2:  27%;  Glc4:  10% 
and  G1c7:  13%. 

The  preparation  of  Fmoc-Asn(sugar)-OH  derivatives  with  extended  sugar  chains 
proceeds  without  difficulty  and  these  synthons  are  excellent  candidates  for  the  solid- 
phase  synthesis  of  N-glycopeptides.  When  the  carbohydrates  lack  acetamido  groups, 
the  spectral  contribution  of  the  sugars  can  be  subtracted  from  the  CD  spectra  of  the 
glycopeptides.  The  synthetic  glycopeptides  may  be  useful  to  study  surface  physical 
properties  of  glycoproteins.  For  example,  the  inhibition  of  cysteine  oxidation  by  a 
nearby  bulky  carbohydrate  antennae  may  have  significant  biological  consequences. 
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Introduction 

Applications  of  kinin  antagonists  in  physiological  research  have  brought  about 
a  veritable  revolution  in  improved  understanding  of  biological  regulation  and  control, 
whereas  applications  of  bradykinin  antagonists  to  clinical  medicine  are  likely  to  bring 
about  a  revolution  in  drugs  for  antiinflammatory  therapy.  Although  kinins  evidently 
participate  in  regulation  of  every  major  physiological  system,  the  most  striking 
actions  of  kinins  are  in  pathology,  where  such  conditions  as  shock,  asthma,  pain,  and 
many  forms  of  inflammation  involve  kinin  mediation  [1].  Kinins  can  evoke  the 
"cardinal  signs"  of  inflammation:  pain,  redness,  edema  and  hyperthermia. 

The  mammalian  kinins  are  bradykinin  (BK),  a  nonapeptide  having  the  structure: 

Arg1-Pro2-Pro3-Gly4-Phe5-Ser6-Pro7-Phe8-Arg9 

and  its  homologs  kallidin  (Lys-BK)  and  methionyl-lysyl-BK.  These  peptides  are 
released  from  precursor  kininogens  by  the  action  of  kallikrein  enzymes  and  exert  their 
biological  effects  through  specific  receptors  to  trigger  many  physiological  and 
pathological  processes  [2,  3].  The  two  kinin-forming  enzymes,  plasma  kallikrein 
and  tissue  kallikrein,  are  trypsin-like  proteases  that  cleave  kinins  from  two  protein 
precursors,  "high  molecular  weight  kininogen"  (HMWK)  and  "low  molecular  weight 
kininogen”  (LMWK).  Plasma  kallikrein  cleaves  HMWK  to  yield  BK,  whereas  tissue 
kallikrein  cleaves  principally  LMWK  to  yield  kallidin.  Met-Lys-BK  is  produced  in 
inflammation  by  the  concerted  action  of  tissue  kallikrein  and  neutrophil  elastase. 

Physiological  functions  of  kinins  include  relaxation  or  contraction  of  smooth 
muscles,  regulation  of  ion  transport,  stimulation  of  secretion  and  neurotransmitter- 
neuromodulator  action.  Relaxation  of  vascular  smooth  muscle,  mediated  by 
endothelial  nitric  oxide  [4],  causes  lowering  of  blood  pressure,  especially  important 
in  opposing  the  pressor  action  of  angiotensin  (ANG).  On  the  other  hand,  bronchial, 
intestinal  and  uterine  smooth  muscles  are  contracted  by  kinins.  Kinins  play  an 
important  role  in  overall  ion  regulation  by  controlling  kidney  function.  Here,  also, 
BK  opposes  physiologically  the  action  of  ANG;  BK  stimulates  sodium  excretion, 
whereas  ANG  stimulates  sodium  retention.  The  renal  action  of  atrial  natriuretic 
peptides  appears  to  be  mediated  by  kinins.  Kinins  also  regulate  ion  transport  in 
intestine  mid  in  sweat  glands.  While  kinins  for  most  actions  are  produced  non- 
neuronaily,  certain  brain  neurons  do  produce  kinins  and  use  diem  as  neurotransmitters 
or  neuromodulators,  and  actions  of  kinins  on  peripheral  sensory  neurons  are  very 
important. 
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In  pathology,  bradykinin  is  produced  whenever  vascular  injury  exposes 
negatively-charged  sulfated  polysaccharides  of  underlying  tissues  [5].  HMWK, 
inactive  pie-plasma  kallikrein  (PK)  and  the  clotting  Factors  XII  and  XI  adsorb  to  the 
negatively  charged  surface,  with  concomitant  activation  of  Factor  XII  and  PK  to 
initiate  blood  clotting  and  liberate  BK.  BK  is  also  liberated  whenever  tissue 
perfusion  and  oxygenation  are  compromised;  in  this  case  the  fall  in  tissue  pH  caused 
by  accumulation  of  acidic  metabolites  is  important,  and  may  be  adequate  to  evoke 
full  kinin  release  and  concomitant  production  of  severe  pain  [6].  In  tissue  injury  and 
infection,  accumulation,  attachment  and  activation  of  neutrophils  add  other  mediators 
to  the  inflammatory  site;  these  may  potentiate  the  actions  of  kinins.  In  many 
tissues,  BK  stimulates  phospholipase  A2  to  liberate  arachidonic  acid;  the 
prostaglandins  and  leukotrienes  produced  from  the  arachidonate  are  especially 
important  in  pain  and  inflammation. 

There  is  clear  evidence  for  several  classes  of  receptors  for  kinins.  Most  kinin 
functions  are  mediated  by  ”B2"  receptors  that  require  the  full  kinin  chain  for 
activation  [7].  Recently  several  laboratories  have  reported  cloning  and  sequencing  of 
B2  receptors;  these  are  standard  G-protein  linked  structures  having  seven  trans- 
membrane  helical  segments  [8,  9,  10].  Differences  in  tissue  selectivity  of  kinin 
antagonists  has  led  investigators  to  propose  several  sub-classes  of  B2  receptors,  but 
as  yet  no  molecular  basis  for  such  classes  has  been  reported.  In  tissue  injury  and  in 
chronic  inflammation  another  class  of  receptors  ("Bl")  is  also  expressed  [11].  The 
B1  receptors  are  activated  primarily  by  BK  (1-8)  or  kallidin  (1-9);  these  peptides 
lacking  the  C-terminal  arginine  residues  of  the  native  kinins  are  formed  by  action  of 
carboxypeptidase  N  ("kininase  I"),  the  principal  kinin-destroying  enzyme  of  plasma. 
The  other  major  kininase  is  angiotensin  I  converting  enzyme  (ACE,  "kininase  11"),  a 
membrane-bound  enzyme  localized  primarily  to  the  pulmonary  vasculature.  ACE 
normally  destroys  98-99%  of  kinins  in  blood  on  a  single  passage  through  the 
pulmoi  ary  circulation,  but  in  serious  infection  and  inflammation  the 
glycophosphatidyl  link  that  attaches  ACE  to  the  vascular  wall  is  cleaved  by 
phospholipases,  and  the  very  important  protective  action  of  this  enzyme  is  lost. 
Loss  of  ACE  and  appearance  of  Bl  receptors  are  important  causative  factors  of  the 
serious  hypotension  seen  in  shock. 

Bradykinin  Antagonists 

Antagonists  for  kinin  Bl  receptors  were  reported  in  1976  by  Regoli  [12],  but 
these  were  primarily  of  academic  interest  at  the  time,  since  they  did  not  block  normal 
kinin  functions.  Extensive  attempts  to  develop  competitive  antagonists  for  B2  kinin 
systems  were  unsuccessful  until  1984  when  the  first  antagonists,  [D-Phe7]-BK  and 
[Thi5’8-D-Phe7]-BK  (Thi=fJ-(2thienyl)- alanine)  were  reported  by  Vavrek  and  Stewart 
[13].  The  key  modification  was  replacement  of  the  proline  at  position  seven  with  a 
D-aromatic  amino  acid  residue.  One  antagonist,  DArg-lHyp8,  Thi5-8,  DPhe7]-BK 
(known  as  NPC  349;  Hyp=/ra/tr-4-hydroxyproline),  was  used  by  many  biologists  and 
helped  demonstrate  the  importance  of  kinins  in  physiology  and  pathology  [14], 
Many  BK  antagonists  of  this  type  have  been  synthesized  [14],  The  "first  generation” 
antagonists  are  degraded  in  vivo  and  have  short  durations  of  action.  Although  the  D- 
amino  acid  residue  at  position  seven  of  the  antagonists  blocks  action  of  ACE,  action 
of  kininase  I  is  not  inhibited.  Indeed,  this  cleavage  can  yield  Bl  antagonists. 
Structural  modifications  of  BK  antagonists  by  several  groups,  including  the  authors' 
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laboratory,  led  to  development  of  "second  generation"  BK  antagonists  by 
incorporating  unusual  amino  acids,  conformationally  constrained  and  stable  to 
enzymatic  degradation,  in  the  C-terminal  part  of  the  peptides.  Perhaps  most 
remarkable  among  these  is  the  Hoechst  antagonist  HOE- 140  [15],  that  has  the 
structure  of  NPC-349  but  with  D-tetrahydroisoquinoline-3-carboxylic  acid  (DTic)  at 
position  7  and  octahydroindole-2-carboxylic  acid  (Oic)  at  position  8.  The  Oic  residue 
at  position  8  confers  resistance  to  kininase  I,  and  HOE- 140  has  a  long  duration  of 
action  on  blood  pressure  in  vivo.  In  receptor  studies,  HOE- 140  has  been  found  to  be 
very  "sticky:"  it  has  a  very  slow  "off'  time.  Oic  is  a  proline  homolog,  and  we  had 
earlier  reported  potent  BK  antagonists  having  proline  at  position  8.  Then  we  and  the 
Nova  group  reported  BK  antagonists  having  D-aliphatic  residues  in  position  seven  in 
combination  with  L-aliphatic  residues  at  position  8  [16,  17].  Thus,  contrary  to  the 
original  belief,  effective  BK  antagonists  do  not  require  a  D-aromatic  residue  at 
position  seven.  The  Nova  modification  with  D-4-propoxyproline  [16]  and  our  D-a- 
cyclopentylglycine  (Cpg)  [17]  at  position  seven  yielded  potent  antagonists.  We  then 
found  that  when  the  residues  at  positions  seven  and  eight  are  aliphatic,  the  residue  at 
position  five  can  also  be  aliphatic  [18].  Bulky  branched  or  cyclic  side  chains  at  these 
positions  are  most  effective.  Some  of  these  new  antagonists  show  quite  prolonged 
activity  in  vivo  [Gera,  et  al.,  this  volume]. 

The  approach  of  the  Cortech  group  [19;  see  Blodgett  et  al.,  this  volume]  to  BK 
antagonists  is  very  different.  They  have  described  a  series  of  dimers  in  which  a 
[Cys6]BK  antagonist  is  ciosslinked  with  bis-maleimidohexane.  Most  recently  they 
have  reported  a  series  of  heterodimers  in  which  B2-B1  antagonists  are  combined,  and 
heterodimers  in  which  a  BK  antagonist  is  linked  to  a  tachykinin  antagonist,  an  opiate 
agonist,  or  an  elastase  inhibitor.  Such  hybrids  offer  the  possibility  of  developing 
drugs  directed  simultaneously  against  more  than  one  mediator  of  inflammation,  and 
may  be  particularly  useful  in  such  conditions  as  asthma  [20],  shock  [21]  and  arthritis 
[22],  where  several  mediators  are  involved.  The  field  of  kinins  and  their  antagonists 
is  thus  at  a  very  high  level  of  interest  and  activity.  Important  new  discoveries  in  the 
kinin  field  and  clinical  applications  can  be  anticipated. 
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Introdoction 

The  pathological  effects  of  bradykinin  and  related  kinins  and  their  key  role  in 
the  inflammatory  process  have  resulted  in  bradykinin  antagonists  being  a  therapeutic 
target  for  the  pharmaceutical  industry  for  well  over  a  decade.  This  type  of  compound 
could  be  useful  in  the  treatment  of  such  diverse  disorders  as  septic  shock,  asthma  and 
rhinitis  [1,  2].  Work  in  our  laboratories  related  to  the  discovery  of  new  bradykinin 
antagonists  resulted  in  a  series  of  peptide-based  BK2  antagonist  homodimers  which 
had  significantly  improved  activities  both  in  vitro  and  in  vivo  relative  to  their 
corresponding  monomeric  peptide  precursors  [3].  This  work  culminated  in  the 
discovery  of  CP-0127;  alternatively  Bradycor™  (Table  1),  a  bis-succinimidohexane 
cross-linked  peptide  homodimer  based  on  the  monomeric  BK2  antagonist  (D)Arg-Arg- 
Pro-Hyp-Gly-Phe-Cys-(D)Phe-Leu-Arg  [3].  Bradycor™  is  currently  in  Phase  n 
human  clinical  trials  for  sepsis. 

While  investigating  the  SAR  of  Bradycor™  and  related  compounds,  it  became 
apparent  that  a  significant  component  of  die  activities  of  these  compounds  at  the  BK2 
receptor  could  be  obtained  by  a  portion  of  the  dimer,  specifically  by  the  monomeric 
BK2  antagonist  and  an  appropriately  chosen  linker  moiety.  Furthermore,  we 
ascertained  that  additional  therapeutic  activity  could  then  be  incorporated  into  a  single 
molecule  by  employing  a  heterodimeric  structure  (Table  1). 

Results  and  Discussion 

There  is  increasing  evidence  in  the  literature  indicating  that,  while  BK2  receptors 
appear  to  be  constitutive  in  both  normal  and  pathophysiologic  conditions,  a  dynamic 
up-regulation  of  BK]  receptors  occurs  whenever  there  is  a  chronic  or  more  prolonged 
inflammatory  condition  present  [4],  In  an  effort  to  address  both  of  the  major 
bradykinin  receptor  populations  simultaneously,  we  developed  CP-0364  (Table  1),  a 
bis-succinimidohexane  cross-linked  peptide-based  heterodimer  with  potent  combined 
BK,  and  BK2  antagonist  activities.  This  compound  is  currently  bring  evaluated  in  a 
number  of  animal  models  of  acute  and  chronic  inflammatory  conditions  in  which 
BK!  and  BK2  Idnin  activities  have  been  implicated. 
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Table  1  In  vitro  activities  of  dual  action  heterodimeric  compounds  containing 
bradykinin  (BK2)  antagonist  (ant)  activity 


(D)Arg-Arg-Pro-Hyp-Gly-Phe-Cys-{D)Pfie-Leu-Arg 

I  (=Monomeric  BKj  antagonist,  pAj  =  7.2  ±  0.2) 
Linker 


I  Additional  Therapeutic  Monomer 


Heterodimer 

Linker*  Additional  Therapeutic 

Monomer1* 

In  Vitro 
Activities0 

CP-0127 

(Bradycor)™d 

BSH 

(D)R-R-P-J-G-F-£-(D)F-L-R 
(BKjant;  pA2=7.2±0.2)e 

pA2(BK2)=8.5±0.3 

CP-0364 

BSH 

(DjR-C-P-J-G-F-S-P-L 
(BK,  ant;  -logic 50=6.910. 1  )* 

pA2(BK2)=8.3iD.2 
logICjo(BK,)=7.5±0. 1 

CP-0394 

ESC 

(D)R-{D)P-K-P-K-N-(D)F-F- 
ODlW-L-Nle-CONHj 
(NK,  ant;  pA^.6  ±  0.2)* 

pA2(BK2)=7.9±0.1 

pA2(NK,)=5.8±0.3 

CP-0416 

BSH 

D- Y-(D)  W- V  -(D) W  -C-R-CONHj 
(NKj  ant;  pA1=6.9±0.2)e 

pA2(BK2)=8.7±0.2 

pA2(NK2)=5.6±0.2 

CP-0494 

BSH 

Mereaptoethvloxvmorphamine 
(opioid  agonist;  -loglCy^.?)* 

pA2(BK2)=8.4±0.2 

-loglC^opioid^.b 

CP-0502 

NHS 

4-f3'-carboxv-proovlsulfonvl)phenvl 
4-tert-butvlphenvlisobutvrate 
(NEI;  Ki=10.5  nMf 

Ki(NEI)=6.6nM 

CP-0460 

NHS 

Indomethacin  ffree  carboxvl) 

(COI) 

*BSH=bis  succinimidohexane;  ESC=epsilon  succinimido  a-caproyl;  NHS=fcL- 
hexyloxysuccinimido;  BK,  antagonist  monomer  always  attached  to  tbe  linker  via  a 
thioether  bond  between  the  Cys  sulfhydryl  group  and  the  succinimido  moiety. 
bAttachment  to  indicated  linker  made  via  underlined  residue/moiety. 
cln  vitro  activities  are  those  of  intact  homo-  or  heterodimers  evaluated  in  the  following 
tissue/enzyme  preparations:  BK,,  rat  uterus;  BK,,  rabbit  aorta;  NK,,  guinea  pig  ileum; 
NK,,  rat  pulmonary  artery;  opioia,  guinea  pig  ileum;  elastase,  human  neutrophil  elastaae. 
dBK2  homodimer,  included  for  comparison  purposes. 

‘Indicated  monomer  activity  is  that  of  the  unmodified  parent  monomer. 
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As  important  as  bradykinin  is,  it  is  not  considered  to  be  solely  responsible  for 
the  ultimate  clinical  picture  observed  in  inflammatory  conditions.  Rather,  bradykinin 
interacts  with  a  variety  of  additional  mediators,  including  die  neuropeptides  substance 
P  and  neurokinin  A,  and  actually  promotes  the  release  of  these  neuropeptides  from  C- 
fiber  afferent  nerve  terminals.  Release  of  these  and  other  neuropeptides  is  also  under 
the  local  negative  control  of  endorphins  acting  at  opioid  receptors  located  on  the 
peripheral  terminals  themselves.  Given  this  dynamic  relationship  of  positive  and 
negative  control  elements,  we  proposed  to  control  both  the  kinin-related  as  well  as 
the  neurogenic  aspects  of  inflammation  by  developing  heterodimers  that  could  either 
block  the  effects  of  both  bradykinin  and  the  neuropeptides  (substance  P  and 
neurokinin  A)  or  block  the  effects  of  bradykinin  and  stimulate  peripheral  opioid 
receptors.  Heterodimers  found  to  be  capable  of  exerting  this  type  of  "combined 
influence”  included  CP-0394,  a  combined  BK2/NK!  antagonist,  CP-0416,  a 
combined  BK2/NK2  antagonist,  and  CP-0494,  a  combined  BK2  antagonist/opioid 
agonist  (Table  1). 

In  addition  to  bradykinin  and  the  neuropeptides,  the  activities  of  the  enzymes 
human  neutrophil  elastase  (NE)  and  cyclooxygenase  (CO)  are  critically  important  to 
the  overall  inflammatory  process.  Inhibitors  of  these  enzymes  (NEI,  COI)  were 
modified  for  incorporation  into  heterodimers  in  order  that  inhibition  of  elastase- 
mediated  tissue  degradation  or  cyclooxygenase-mediated  prostaglandin  biosynthesis, 
respectively,  might  be  accomplished  in  addition  to  bradykinin  antagonism.  The 
resulting  heterodimers,  CP-0502  (combined  BK2  antagonist/NEI)  and  CP-0460 
(combined  BK2  antagonist/COI),  wore  also  found  to  be  capable  of  interacting  with 
their  respective  biological  targets  in  vitro  in  an  unencumbered  manner  (Table  1). 

"Dual  action”  heterodimeric  compounds  possessing  bradykinin  antagonist 
activity  are  capable  of  interacting  with  two  different  receptor  populations  or  with  a 
receptor  and  an  enzyme  and  offer  the  opportunity  of  intervening  at  multiple  points  in 
the  inflammatory  process  with  a  single  compound. 
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Introduction 

A  new  cyclic  depsipeptide  aureobasidin  A  (1),  isolated  as  a  major  component 
from  the  culture  medium  of  the  black  yeast  Aureobasutium  pulluUms  R  106,  exhibits 
a  strong  antifungal  activity  against  pathogenic  fungi  with  a  low  toxicity  [1].  A 
whole  structure  of  the  peptide  was  determined  mainly  by  the  spectroscopic  and 
chemical  techniques  [2].  The  structures  of  more  than  twenty  congeners  of 
aureobasidin  were  determined  in  comparison  with  aureobasidin  A  [3].  We  attempted  a 
total  synthesis  of  aureobasidin  A  aiming  an  establishment  of  a  synthetic  technique  of 
the  cyclic  depsipeptide  containing  Af-methyl  amino  acids  for  purpose  of  investigation 
of  a  structure-activity  relationship  of  the  aureobasidin  family  antibiotic. 


Results  and  Discussion 

As  a  site  of  the  final  cyclization,  the  linkage  between  aDe1  and  Pro9  was  chosen 
to  avoid  the  coupling  at  an  Af-methyl  amino  acid  as  an  amine  component,  which 
otherwise  may  reduce  a  yield  of  the  cyclizatkm  reaction  due  to  its  steric  characters.  A 
linear  nonapeptide(l-9)  was  synthesized  according  to  the  Boc  strategy  mainly  using 
PyBroP  [4]  as  a  coupling  reagent.  The  fragment  condensation  between  Leu3- 
HOMeVa^-Hmp3  (Segment  B)  and  MeVal6-Phe7-MePhe®-Pro9  (Segment  C)  was 
first  attempted,  followed  by  coupling  between  the  coupling  product  (3-9)  and  aDe1- 
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MeVaP  (Segment  A)  as  shown  below. 


DL-^-Hydroxymethylvaline  (HOMeVal)  in  Segment  B  was  prepared  according  to 
the  literature  [S],  and  its  amino  group  was  then  protected  with  Boc  group  alter 
activation  and  solubilization  by  trimethylsilylation  with  BSTFA.  The  protection  of 
its  carboxyl  function  with  the  benzyl  group  and  the  removal  of  the  Boc  group  were 
carried  out,  followed  by  coupling  with  Boc-L-Leu-OH  using  PyBroP  without 
protection  of  fl-OH  group  in  HOMeVal  afforded  the  desired  dipeptide  with  no  0-acyl 
derivative.  After  deprotection  of  Bzl  group,  a  mixture  of  the  diastereomers  of  the 
product  was  coupled  with  H-D-Hmp-OPac  with  DCC  and  4-pyrrolidinopyridine  as  an 
acylation  catalyst  In  this  condensation  reaction,  DCC  is  superior  to  PyBroP  in  the 
yield,  and  both  coupling  reagents  without  the  base  catalyst  did  not  afford  the  desired 
product  due  to  the  formation  of  the  oxazolinium  compound  of  Boc-Leu-HOMeVal  as 
a  main  intermediate  [6],  This  oxazolinium-forming  phenomenon  was  recently 
reported  in  case  of  JV-MeVal  and  iV-methylamino  acids  by  B.  Castro  et  al. 
independently  [7].  Then  die  diastereomers  Boc-L-Leu-DL-HOMeVal-D-Hmp-OPac 
were  separated  by  silica  gel  column  chromatography,  and  the  L-L-D  compound  was 
deprotected  with  zinc/acetic  acid  to  give  2  (Segment  B).  These  diastereomeric  peptides 
(L-L-D  or  L-D-D)  after  separation  were  hydrolyzed  with  6N  HQ  for  19  hours  to  give 
respectively  L- HOMeVal  and  D-HOMeVal,  which  were  assigned  in  comparison  with 
the  authentic  amino  acids  on  Daicel  Chiralpak  WH. 

Segment  C  was  prepared  by  a  stepwise  elongation  method  starting  from  Boc-L- 
Pro-OPac  as  a  carboxyl  terminus  by  the  successive  condensation  using  PyBroP  and 
DIEA  in  dkhtorometfaane.  The  coupling  reaction  of  Boc-L-MePhe-OH  with  HOH- 
L-Pro-OPac  by  the  WSCD-HOBt  method  gave  the  product  in  a  yield  of  87%, 
accompanying  L-D  isomer  (A  ratio  of  L-L  and  L-D  isomers  was  10:3).  This 
racemization  was  due  to  the  intramolecular  formation  of  die  charged  Schiff  base  in 
the  Pro  residue  between  the  imino  group  and  the  carbonyl  function  of  the  Pac  ester. 
The  reaction  with  PyBroP  afforded  die  desired  product  without  racemization. 

The  coupling  of  2,  whose  C-terminus  is  a  hydroxy  acid,  Hmp,  with  3  was 
carried  out  using  PyBroP.  After  removal  of  the  Boc  group  in  the  peptide  4  with 
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TFA,  a  fragment  condensation  with  5  (Segment  A)  by  the  WSCD-HOOBt  method 
was  carried  out  to  give  the  protected  linear  nonapeptide  6  with  a  slight  racemization 
as  shown  in  the  scheme,  although  the  same  condensation  by  the  PyBroP  method 
gave  a  1:1  mixture  of  the  completely  racemized  diastereotners. 

The  protecting  groups  of  both  carboxyl  and  amino  groups  in  the  linear 
nonapeptide  6,  which  was  purified  diastereomerically,  were  removed  successively. 
The  free  peptide  7  was  then  cyclized  with  PyBroP  in  CH2C12  under  a  high-dilution 
condition  (10- 3  M)  to  afford  predominantly  the  cyclic  monomeric  peptide  (PD-MS: 
Found,  M+  1 100;  Calcd  1 100). 


In  contrast,  the  cyclization  of  AMiydroxysuccinimide  ester  of  the  nonapeptide  at 
the  same  concentration  in  as  in  that  of  PyBroP  reaction  gave  a  cyclic  dimer 

as  the  major  product.  In  case  of  PyBroP,  the  reaction  seemed  to  proceed  promptly 
compared  that  in  the  active  ester.  Therefore,  a  condensation  in  a  high-dilution 
condition  was  actually  achieved  preventing  the  dimerization  in  that  case.  On  the 
other  hand,  the  cyclization  of  the  active  ester  in  DMF  proceeded  very  slowly  even 
though  the  cyclic  monomer  was  obtained  as  a  major  product  besides  the  dimer.  Such 
difference  depending  on  the  solvent  seemed  to  arise  from  the  solvation  feature  of  the 
peptide  molecule  in  DMF  which  may  be  advantageous  to  the  monomeric  cyclization. 

The  monomeric  cyclic  peptide  thus  obtained  is  completely  identical  with  the 
natural  antibiotic  in  all  respects  (TLC,  HPLC,  ‘H-NMR,  and  antifungal  activity). 
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Introduction 

A  central  event  in  cell-mediated  immune  reactions  is  cytokine  induced 
accumulation  of  immunocompetent  cells  at  sites  of  antigen  challenge.  A  variety  of 
chemoattractants  may  determine  the  nature  of  the  inflammatory  filtrate  during  lesion 
formation.  We  recently  described  the  purification  and  structural  analysis  of  a  protein 
termed  chemotactic  protein  10  (CP-10)  according  to  its  relative  molecular  mass  of 
approximately  lOkD,  derived  from  supernatants  of  activated  murine  spleen  cells  [1]. 
The  homogeneous  cytokine  had  maximal  chemotactic  activity  for  murine  neutrophils 
at  1(F12  to  10^13M,  making  it  one  of  the  most  potent  chemotactic  factors  known  to 
date.  Comparison  of  the  88  amino  acid  sequence  with  known  proteins  revealed  no 
structural  homologies  to  previously  described  cytokines  or  growth  factors,  but 
indicated  extensive  sequence  similarities  to  S- 100  Ca2+  binding  proteins  [2].  A 
peptide  synthesised  according  to  a  unique  domain  within  CP- 10  (42-55)  is 
chemotactic  within  the  same  concentration  range  and  elicits  a  transient  inflammatory 
response,  thus  indicating  die  approximate  position  of  die  active  region  of  die  protein 
[3].  Here  we  report  the  synthesis  of  full  length  CP- 10  (Figure  1). 

Results  and  Discussion 

CP- 10  was  chemically  synthesised  on  an  Applied  Biosystems  430A  peptide 
synthesiser  using  highly  optimised  Boc  chemistry  protocob  [4].  Each  residue  was 
double  coupled  and  coupling  efficiencies  monitored  by  the  quantitative  ninhydrin 
reaction  [5].  The  average  yield  of  chain  assembly  was  99.68%  per  residue.  Chain 
assembly  took  3.5  days. 

Partial  deprotection  of  the  protein  was  carried  out  on  die  resin  prior  to  HF 
cleavage.  DNP  groups  were  removed  by  thiolysis  (20%  mercaptoethanol  :  10% 
DIEA  :  DMF).  The  N-terminal  Boc  group  was  removed  with  100%  TFA.  The  resin 
was  washed  with  DMF  followed  by  DCM  and  air  dried.  The  polypeptide  chain  was 
deprotected  and  cleaved  from  the  resin  with  standard  high  HF  treatment  using  p-cresol 
and  p-thiocresol  as  scavengers.  Following  HF  removal  and  trituration  with  diethyl 
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PSELEKALSNUDVYHNYSNIQGNHHALYKNDFKKMVTTECPQ 

FVQNINIENLFRELDINSDNAINFEEFLAMVIKVGVASHKDSHKE 

Fig.  1.  The  sequence  for  chemotoctic  protein  10  (CP-IO). 

ether,  the  crude  protein  was  extracted  with  50%  acetic  acid  and  following  aqueous 
dilution,  lyophilized. 

The  crude  protein  was  dissolved  in  0.15%  TFA  and  loaded  directly  onto  a  Vydac 
C4  RP-preparative  chromatography  column  (2.2cm  x  25cm)  then  eluted  using  a 
linear  gradient  of  0-80%  B  over  80  min  at  a  flow  rate  of  8ml/min  (A  =  0.1%  TFA  in 
water,  B  =  90%  acetonitrile  in  water  +  0.09%  TFA).  Fractions  containing  the  desired 
product  in  pure  form  were  identified  using  analytical  RP-HPLC  and  Ion  Spray  MS 
(Figure  2).  These  fractions  were  combined  and  lyophilized  (21%  yield). 


m/z 


Fig.  2.  Ion  spray  mass  spectrum  of  synthetic  CP-10. 

Mass  spectometric  measurements  were  performed  on  a  PE-Sciex  Ion  Spray 
mass  spectrometer  at  a  mass  accuracy  of  ±0.2  amu.  The  peptide  (lmg/ml)  was 
dissolved  in  45%  acetonitrile  in  Wats'  plus  0.1%  TFA  and  introduced  to  die  machine 
via  a  glass  capillary  using  an  infusion  of  the  peptide  solution  at  a  flow  rate  of 
Spl/min. 

Ion  Spray  mass  spectrometry  also  allowed  some  preliminary  experiments  into 
the  nature  of  the  interaction  of  CP-10  with  metal  ions.  As  a  member  of  the  S-100 
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family  of  proteins  two  calcium  ion  binding  sites  were  likely;  a  putative  N-terminal 
and  ‘typical’  C-terminal  Ca2+-binding  domain  at  positions  20-32  and  38-68 
respectively.  Indeed,  addition  of  CP-10  to  lOmM  CaCl2  followed  by  immediate  MS 
analysis  indicated  that  two  calcium  ion  adducts  were  observable.  Similar  experiments 
with  ZnCl2  indicated  the  presence  of  at  least  one  zinc-binding  site. 


Molecular  Weight 


Molecular  Weight 

Fig.  3.  Ion  spray  mass  spectra  of  CP-10  and  metal  ions. 
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Introduction 

Basement  membrane  (type  IV)  collagen  can  promote  directly  the  adhesion  and 
migration  of  various  tumor  cells.  A  peptide  model  of  residues  1263-1277  from  the 
gene-derived  sequence  of  the  a  1(TV)  human  collagen  chain,  designated  IV-H1  (Gly- 
Val-Lys-Gly-Asp-Lys-Gly-Asn-Pro-Gly-Trp-Pro-Gly-Ala-Pro),  can  support  adhesion, 
spreading  and  motility  of  highly  metastatic  melanoma  cells  [1,2].  By  applying 
chemical  mutagenesis  via  solid-phase  synthesis  to  this  sequence,  the  effects  of 
collagen  primary  structure  on  melanoma  cellular  activities  can  be  better  defined.  In 
addition,  secondary  and  tertiary  structural  effects  can  be  examined  by  synthesizing  an 
all-D  enantiomer  and  a  triple-helical  peptide  [3]  incorporating  this  sequence. 

Results  and  Discussion 

Analogs  m  IV -HI  containing  single  and  multiple  substitutions  of  LysI265  and 
LyS|j68  by  amino  acids  of  similar,  opposite,  or  no  charge  were  synthesized  in  order 
to  evaluate  me  importance  of  basic  residues  on  cell  adhesion.  Replacement  of  both 
Lys  residues  by  amino  acids  of  either  no  charge  [norleucine  (Nle)]  or  opposite  charge 
(Glu)  resulted  in  less  than  half  of  the  melanoma  cell  adhesion  activity  promoted  by 
native  IV-H1.  Decreased  melanoma  cell  adhesion  due  to  scrambling  of  basic  residues 
in  fibronectin-model  peptides  has  been  correlated  to  cell  surface  chondroitin  sulfate 
proteoglycan-mediated  activity  [4].  However,  some  integrin-mediated  cellular 
activities  have  also  been  correlated  to  substrate  basic  domains  [5].  Since  the  alf)l 
and  a2Pl  integrins  have  been  implicated  in  melanoma  cell  adhesion  to  fragments  of 
type  IV  collagen  [6],  the  loss  of  activity  may  be  due  to  a  decreased  integrin-mediated 
adhesion.  Individual  substitution  of  each  Lys  residue  by  Nle  showed  equal  loss  of 
activity,  while  substitution  by  Arg  showed  loss  of  activity  from  LyS)268  only. 
Activity  at  Lyst26g  is  thus  dependent  on  both  charge  and  steric  effects.  Circular 
dichroism  (CD)  spectroscopy  of  IV-H1  and  the  single-substitution  peptides  indicated 
that  only  the  Lys  125*  to  Nle  substitution  gave  a  secondary  structural  change,  reflected 
by  a  decrease  in  the  molar  ellipticity  from  220-250  nm  (Figure  1).  It  is  not  clear  if 
this  change  reflects  the  peptide  backbone  or  indole  dichroism. 
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Fig.  1.  CD  spectra  of  IV-H1  and  IV-H1  with  Nle  substituted  for  Lyst26s  (Nle-IV-Hl). 
Peptide  concentrations  were  0.1  mM  in  phosphate-buffered  saline. 

An  analog  of  IV-H1  containing  a  Phe  substitution  of  Trp1273  was  synthesized 
to  evaluate  the  functional  significance  of  Trp,  which  is  a  relatively  rare  residue  in 
collagen.  This  analog  had  less  than  10%  of  the  cell  adhesion  activity  of  native  IV- 
Hl,  demonstrating  definitively  that  melanoma  cell  adhesion  to  IV-H1  is  not  mediated 
solely  by  charged  residues. 

A  D -enantiomer  of  IV-H1  was  synthesized  to  identify  chiral  and  non-chiral 
cellular  interactions.  Approximately  20%  of  input  melanoma  cells  adhered  to 
substrata  coated  with  as  htde  as  0.63  pM  of  L-IV-H1,  with  higher  concentrations  of 
peptide  supporting  the  adhesion  of  essentially  all  of  the  input  cells.  In  contrast, 
while  melanoma  cells  also  adhered  to  D-IV-H1,  die  actual  amount  of  adherent  cells 
(maximum  30-35%  of  input)  was  far  less  than  for  L-IV-H1.  Similarly,  while  L-IV- 
H1  can  completely  inhibit  melanoma  cell  adhesion  to  substrata  coated  with  L-IV-H1 
[1],  D-IV-H1  can  only  partially  inhibit  cell  adhesion  to  L-IV-H1.  Thus,  melanoma 
cell  recognition  of  IV-H1  is  partially  dependent  on  chirality  of  the  substrate. 
Interestingly,  although  die  D-IV-H1  could  partially  support  melanoma  cell  adhesion, 
it  was  completely  ineffective  at  supporting  melanoma  cell  cytoskektal  reorganization 
or  haptotactic  cell  motility.  Similarly,  while  soluble  L-IV-H1  inhibited  melanoma 
cell  invasion  of  reconstituted  basement  membrane  in  vitro,  D-IV-H1  had  no  effect  on 
invasion  in  a  18  h  invasion  assay.  Cell  spreading,  motility,  and  invasion,  unlike 
cell  adhesion,  are  completely  dependent  upon  substrate  chirality.  These  results 
suggest  dun  die  molecular  basis  for  melanoma  cell  recognition  of  IV-H1  includes 
chiral-dependent  and  chiral-independent  cell  stuface  receptors.  As  different  cell  surface 
biomolecules  (chondroitin  sulfate  proteoglycans  and  integrins)  are  now  implicated  for 
melanoma  cellular  activities  [see  also  7],  the  recently  introduced  "receptor  cluster" 
model  for  cell  adhesion  to  fibroncclin  [4]  should  be  considered  for  type  IV  collagen. 

A  branched  triple-helical  peptide  (THP)  of  124  residues  incorporating  the  FV-H1 
sequence  was  synthesized  to  examine  substrate  secondary  and  tertiary  structural  effects 
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on  cellular  behavior  [3].  Half  maximal  melanoma  cell  adhesion  occurred  at  [THP]  = 
1.12  jlM  and  [linear  IV-H1]  =  170  p.M  [3].  Thus,  triple-helical  conformation  in 
combination  with  the  IV-H1  sequence  resulted  in  a  100-fold  increase  in  melanoma 
cell  adhesion  activity  compared  with  the  IV-H1  sequence  alone.  This  result  is  the 
first  direct  demonstration  of  the  significance  of  triple-helicity  for  cell  adhesion  to  a 
specific  collagen  sequence.  Cell  spreading  was  more  extensive  on  the  THP,  as  cell 
areas  averaged  0.048  and  0.012  mm2/pM  peptide  in  response  to  THP  and  linear  IV- 
Hl,  respectively  [3].  As  in  the  case  of  melanoma  cell  adhesion,  cell  spreading  was 
most  efficient  when  triple-helicity  was  combined  with  the  IV-H1  sequence.  The 
combined  melanoma  cell  THP  adhesion  and  spreading  activities  supports  the  concept 
that  tumor  cell  adhesion  and  spreading  on  type  IV  collagen  involves  multiple, 
distinct  domains,  as  at  least  two  domains  within  type  IV  collagen  in  triple-helical 
conformation  are  tumor  cell  adhesion  sites  [3,  6].  In  addition,  the  enhancement  of 
cellular  activities  due  to  triple-helicity  confirms  the  al(TV)  1263-1277  sequence  as  a 
specific  melanoma  cell  adhesion  and  motility  site,  as  this  sequence  in  its  native 
conformation  has  greater  activity  than  the  isolated  sequence,  and  implies  that 
basement  membrane  type  IV  collagen  is  a  site  for  tumor  ceil  invasion  based  on 
collagen  primary,  secondary,  and  tertiary  structures. 

Acknowledgements 

This  work  is  supported  by  the  NIH  (KD  44494,  CA  43924,  and  CA  54263), 
McKnight-Land  Giant  Professorship,  and  Leukemia  Task  Force. 

References 


1 .  Chelberg,  M.K.,  McCarthy,  I.B.,  Skubitz,  A.P.N.,  Furcht,  L.T.  and  Tsilibary,  E.C., 
J.  Cell  Biol..  Ill  (1990)  261. 

2.  Mayo,  K.H.,  Parra-Diaz,  D.,  McCarthy,  J.B.  and  Chelberg,  M.,  Biochemistry,  30 
(1991)  8251. 

3.  Fields,  C.G.,  Mickelson,  D.J.,  Drake,. S.L.,  McCarthy,  J.B.  and  Fields,  G.B.,  J. 
Biol.  Chem..  268  (1993)  14153. 

4.  Iida,  J.,  Skubitz,  A.P.N.,  Furcht,  L.T.,  Wayner,  E.A.  and  McCarthy,  J.B.,  J.  Cell 
Biol.,  118  (1992)  431. 

5.  Vogel,  B.E.,  Lee,  S.-J.,  Hildebrand,  A.,  Craig,  W.,  Pierschbacher,  M.D.,  Wong- 
Staal,  F.  and  Ruoslahti,  E„  J.  Cell  Biol.,  121  (1993)  461. 

6.  Vandenberg,  P.,  Kcm,  A.,  Ries,  A.,  Luckenbill-Edds,  L.,  Mann,  K.  and  KOhn,  K„  J. 
Cell  Biol.,  113  (1991)  1475. 

7.  Mickelson,  D.J.,  Faasen,  A.E.  and  McCarthy,  J.B.,  J.  Cell  Biol.,  115  (1991)  287a. 


364 


i 


Synthesis  of  prothymosin  a  deduced  from 
nucleotide  sequence  of  the  murine  cDNA  and  its 
effect  on  the  impaired  T-lymphocytes  of  uremic 

patients 


T.  Abiko  and  H.  Sekino 

Kidney  Research  Laboratory,  Kojinkai,  1-6  Tsutsujigaoka  2-chome, 
Miyagino-ku,  Sendai  908,  Japan 


Introduction 

Thymosin  a  1,  a  peptide  containing  28  amino  acid  residues,  was  isolated  by 
Goldstein  et  al.  [1]  from  thymosin  fraction  5,  a  mixture  of  peptides  from  calf 
thymus.  Thymosin  a  1  was  found  to  be  active  in  some  of  the  in  vitro  tests  used  for 
thymosin  fraction  5  [2],  and  it  was  considered  to  be  one  of  the  factors  that  modulated 
steps  in  the  maturation  of  T  cells  [1,2].  In  our  preceding  papers  [3-6],  we  have 
demonstrated  that  not  only  our  synthetic  thymosin  a  1  but  also  our  synthetic  C- 
terminal  fragments  (positions  14-28  and  19-28)  exhibit  restoring  activity  of  low  E- 
rosette-forming  lymphocytes  from  patients  suffering  from  impaired  immunological 
function  due  to  minimal  change  nephrotic  syndrome  or  chronic  renal  failure. 
Recently,  Schmidt  and  Werner  [7]  detected  a  full  length  cDNA  for  the  murine 
prothymosin  a  mRNA  which  was  sequenced  at  the  DNA  level.  The  amino  acid 
sequence  deduced  from  the  nucleotide  sequence  shows  a  high  degree  of  positional 
identities  with  prothymosin  a  from  man  and  rat.  The  sequence  of  28  amino  acids  at 
the  N-terminal  except  for  the  N-terminal  methionine  is  identical  to  that  of  calf 
thymosin  a  1.  We  reported  earlier  [8]  that  our  synthetic  rat  prothymosin  fragment 
29-111  could  increase  the  peripheral  E-rosette-forming  lymphocytes  when  incubated 
in  vitro  with  blood  from  uremic  patients.  In  addition  to  this  result,  the  restoring 
effect  of  the  synthetic  prothymosin  a  fragment  29-111  was  greater  than  that  of  our 

1  10  20 
M-S-D-A-A-V-D-T-S-S-E-I-T-T-K-D-L-K-E-K-K-E-V-V-E-E-A-E- 

|< -  thymosin  a  1  - 

30  40  50 

N-G-R-D-A-P-A-N-G-N-A-Q-N-E-E-N-G-E-Q-E-A-D-N-E-V-D-E-E- 
60  70  80 

E-E-E-G-G-E-E-E-E-E-E-E-E-G-D-G-E-E-E-D-G-D-E-D-E-E-A-E- 
90  100  110 

A-P-T-G-K-R-V-A-E-D-D-E-D-D-D-V-D-T-K-K-Q-K-T-E-E-D-D 

Fig.  I.  Amino  acid  sequence  of  prothymosin  a  deduced  from  murine  cDNA. 
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synthetic  thymosin  a  1.  These  results  prompted  us  to  synthesize  the  deduced 
complete  amino  acid  sequence  of  murine  prothymosin  a  from  the  nucleotide  sequence 
of  cDNA  encoding  precursor.  We  describe  here  the  solid-phase  synthesis  of  cDNA 
clone  encoding  murine  prothymosin  a  (110  residue-peptide)  in  order  to  examine 
whether  our  synthetic  peptide  has  an  enhancing  effect  on  the  marked  reduction  of  E- 
rosette-forming  lymphocytes  of  uremic  patients. 

Results  and  Discussion 

Peptide  synthesis  was  performed  manually  by  the  stepwise  solid-phase  method 
using  the  base-labile  Fmoc  group  for  protecting  the  a-amino  groups.  At  the  end  of 
the  synthesis  and  after  the  last  deprotection  step,  the  deprotec  ted  peptide  was  purified 
by  gelfiltration,  ion-exchange  chromatography  and  HPLC,  and  we  finally  obtained 
highly  pure  peptide  by  analytical  HPLC.  Incubation  of  peripheral  venous  blood  from 
uremic  patients  in  the  presence  of  various  amounts  of  the  synthetic  peptide  from  0.01 
pg/ml  to  10  pg/ml  resulted  in  recovery  of  E-rosette  formation.  The  restoring  effect 
of  the  synthetic  murine  prothymosin  a  was  far  greater  than  that  of  the  synthetic 
thymosin  a  1  [5].  Harritos  et  al.  [9]  reported  that  in  the  mouse  protection  test  and  in 
assays  for  lymphokine  release,  rat  thymus  prothymosin  a  was  found  to  be  10-20 
times  as  potent  as  thymosin  a  1.  As  we  also  mentioned  in  our  previous  paper  on  rat 
prothymosin  a  fragment  29-111  [8],  these  results  seem  to  suggest  that  the  C- 
terminal  region  of  murine  prothymosin  a  (positions  30-1 1 1)  also  contains  important 
molecular  signal  functions  for  immunological  activity. 
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Introduction 

Stem  cells,  the  blood-forming  cells  in  bone  marrow,  are  capable  of  self-renewal 
and  differentiation  to  produce  lymphoid  and  myeloid  blood  cell  lineages.  This 
process  of  differentiation  and  maturation,  known  as  hematopoiesis,  is  affected  by  a 
number  of  hematopoietic  growth  factors  (cytokines)  including  M-CSF,  G-CSF,  Kit 
ligand,  GM-CSF,  II- 1,  and  11-3  [1,  2],  In  1982,  a  synthetic  hematoregulatory 
peptide,  pGlu-Glu-Asp-Cys-Lys,  was  reported  to  have  selective  inhibitory  effect  on 
myelopoeitic  cells  [3].  In  1987,  Laerum  et  al.  [4]  reported  that  when  this  linear 
peptide  was  oxidized,  the  resulting  dimer  (HP-5),  had  the  opposite  effect  of  the 
monomer.  The  dimer  stimulates  colony  formation  of  both  human  and  murine  CFU- 
GM  in  vitro  and  up-regulates  murine  myelopoeitic  cells  in  vivo.  We  report  the 
synthesis  of  a  potent  hematopoietic  peptide  (Figure  1). 


Fig.  1.  Structure  of  tP-ffN8^ ( S)- 5 -amino- 1  -carboxypentyli-N2 ,N7-bis[ [N-(N-L-pyro- 
glutamyl)-L-a-glutamyl  ]-L-a-aspartyl]-8-oxo]-L-(S-(L-threo))-2. 7, 8- triamino -octanoyl  )- 
L-lysine  (1). 
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Results  and  DiMHtioa 

Hie  ability  of  the  HP- 5  monomer  to  form  a  dimer  and  the  possibility  that  the 
dimer  can  be  reduced  back  to  the  monomer  in  vivo,  made  the  study  of  these  peptides 
difficult.  Figure  2  showing  the  effects  of  SK&F  107647  and  HP- 5  on  immuno- 
suppressed  mice  infected  with  Candida  albicans  is  shown  on  the  next  page  [5]. 
SK&F  107647  is  a  symmetrical  dimer  in  which  the  unnatural  amino  acid,  (S,S)-2,7- 
diaminosuberic  acid,  acts  as  an  isosteric  replacement  for  cystine.  Di-Boc  suberic  acid 
(Boc2-Sub)  was  synthesized  via  a  Kolbe  reaction  [6].  SK&F  107647  was  prepared 
using  solid  phase  peptide  synthesis.  One  equivalent  of  BocrSub  was  coupled  to  one 
equivalent  of  lysine  (2Cl-Z)-resin.  When  the  Kaiser  test  gave  a  negative  result, 
usually  after  4  hours  of  coupling,  1.5  equivalents  of  lysine  (Cbz)-OBzl  was  added. 
The  peptide  yield  from  this  procedure  was  low  and  this  could  be  explained  by  the 
formation  of  the  dipeptide  Boc-Sub-[Lys(Cbz)-OBzl]2  which  was  subsequently  lost  in 
the  CH2C12  wash.  The  synthesis  was  then  modified  by  using  one  equivalent  of 
Boc2-Sub  and  2  equivalents  of  lysine  (2Cl-Z)-resin.  The  coupling  was  slow  (up  to  4 
days)  but  the  yield  was  improved.  In  addition,  less  Boc2-Sub  was  needed.  The 
remaining  amino  acids  were  coupled  as  their  HOBt  active  esters.  The  resin  peptide 
was  cleaved  from  the  resin  using  anhydrous  HF.  The  crude  peptide  was  purified  by 
RP  HPLC  using  a  Vydac  C18  column.  The  analogues  listed  in  Table  1  were  made 
using  the  synthetic  scheme  described  above. 

Table  1  The  activity  of  SK&F  107647  and  its  analogues 


Compound 

Peptide  Sequence 

EC  50 
(pg/ml) 

SK&F107647  (1) 

{pGlu-Glu-Asp)2'Sub-  {Lys}2 

5 

HP-5  dimer 

pGlu-Glu-Asp-Cys-Lys 

100 

3 

{Pro-GIu-Asp}2"Sub-(Lys]2 

20.000 

4 

(Tyr-GIu-Asp)  2*Sub-  (Lys)  2 

NA* 

5 

{pGlu-dGIu-Asp)2‘Sub-  {Lys}2 

1.000.000 

6 

{pGlu-Asp-Asp}2*Sub-  {Lys}  2 

5 

7 

{pGlu-Glu-Asn)2*Sub-  {Lys)2 

NA* 

8 

(pGla-Glu-Glu)2"Sub-{Lys}2 

5 

9 

(pGlu-Glu-Asp)  2‘Sub-  (Arg}2 

NA* 

10 

{pGlu-Glu-Asp)2’Sub-{Phe(NH2))2 

NA* 
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SK&F  107647  stimulates  marrow  fibroblasts  to  produce  colony  stimulating 
activity  (CSA)[7]  This  activity  was  measured  using  murine  bone  marrow  CFU-GM 
as  target  cells  (Table  1). 


4  9  14  19  24  2»  34 


MV 

Fig.  2.  The  effect  of  SK&F  107647/HP-5  on  immunosuppressed  mice  infected  with 
Candida  albicans. 

Replacement  of  the  disulfide  bridge  in  HP-5  dimer  with  the  dimethylene  carbon 
bridge  in  SK&F  107647  resulted  in  a  more  potent  hematopoietic  peptide.  Screening 
more  analogues  of  this  peptide  should  provide  information  that  may  help  us 
understand  the  structure-activity  relationships  of  SK&F  107647. 
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Introduction 

The  amphipathic  helix  hypothesis  was  proposed  to  explain  the  mechanism  of 
lipid  association  of  the  exchangeable  apolipoproteins  [1].  We  have  addressed  the 
question  of  whether  or  not  the  position  of  charged  residues  on  the  polar  face  of  the 
a-helix  plays  a  role  in  lipid  affinity  [2].  A  peptide  with  18  amino  acid  residues  was 
designed  to  mimic  the  general  features  of  the  amphipathic  helix  described  in  the 
original  proposal.  Thus,  the  peptide  18A  with  the  primary  sequence 
D WLK AFYDKV AEKLKE AF  in  the  helical  wheel  representation  has  Lys  at  the 
polar-nonpolar  interface  and  negatively  charged  Asp  and  Glu  at  the  center  of  the  polar 
face  [2].  To  address  the  question  of  the  contribution  of  interfacial  Lys  residues  to  the 
lipid  affinity  of  18A,  a  peptide  with  the  same  amino  acids  but  with  positions  of 
charged  residues  reversed  was  synthesized  with  the  following  sequence: 
KWLDAFYKDVAKELEKAF  (18R).  A  helical  wheel  representation  of  this 
sequence  shows  negatively  charged  amino  acid  residues  Asp  and  Glu  at  the  polar- 
nonpolar  interface  and  positively  charged  Lys  residues  at  the  center  of  the  polar  face. 
Studies  with  these  two  peptides  and  many  other  analogs  of  these  two  peptides  showed 
that  18A  analogs  had  higher  lipid  affinity  compared  to  the  corresponding  18R  analogs 

13]. 

To  explain  the  relatively  high  lipid  affinity  of  18A  and  the  corresponding 
peptide  analogs  a  snorkel  model  was  proposed  [3].  In  this  model,  the  bulk  of  the  van 
der  Waals  surface  which  is  hydrophobic,  interacts  with  lipid  alkyl  chain  when  the 
peptide  is  bound  to  lipid.  The  charged  Lys  amino  groups  "snorkel”  into  the  aqueous 
environment  for  hydration.  In  the  snoricel  orientation,  the  entire  18A  peptide  is 
thought  to  be  buried  within  the  interior  of  the  phospholipid  bilayer.  In  contrast,  due 
to  the  short  alkyl  chains  of  interfacial  Asp  and  Glu,  this  orientation  is  not  possible 
with  18R.  This  effect  may  explain  the  high  lipid  binding  ability  of  18A  and 
apolipoprotein  (Class  A)  amphipathic  helices  [3]. 

,3C-NMR  has  been  used  by  our  laboratories  to  study  the  lipid-bound 
conformations  of  apolipoproteins  and  amphipathic  helical  peptide  analogs  [4].  The 
present  paper  describes  the  use  of  13C-NMR  to  determine  the  differences  in  the 
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microenvironments  of  Lys  residues  in  lipid-bound  amphipathic  helical  peptides  1 8A 
and  18R.  If  the  snorkel  hypothesis  is  correct,  all  four  Lys  residues  in  18R  are 
expected  to  be  in  the  same  microenvironment  due  to  their  equal  exposure  to  the 
aqueous  phase  whereas  the  interfacial  Lys  residues  of  18A  are  expected  to  be  exposed 
to  different  extents  and  in  microenvironments  of  differing  polarities. 

Resalts  and  Discussion 

Peptides  18A  and  18R  were  synthesized  by  the  solid  phase  procedure  as 
described  previously  [2].  The  peptides  woe  13C-dimethylated  using  13C-labelled 
formaldehyde  and  sodium  cyanoborohydride.  The  synthesis  of  selectively  labelled 
18A  analogs  involves  a  selective  protection  and  preferential  deprotection  scheme 
(Figure  1).  Peptides  were  synthesized  using  the  solid  phase  peptide  synthesis  method 
on  a  Wang  resin.  The  C-terminal  FMOC-Phe  was  coupled  to  the  resin  using  DCC 
in  the  presence  of  catalytic  amounts  of  4-dimethylaminopyridine.  The  E-NH2  groups 
of  Lys  were  protected  with  BOC-groups  (cleavable  with  TFA)  except  for  the  Lys 
residue  to  be  labeled.  This  was  protected  with  the  Z- group  that  is  stable  under  die 
conditions  of  Boc  cleavage.  The  other  TFA-cleavable  protecting  groups  used  were  |- 
butyl  ester  for  Asp  and  Glu,  and  f-butyl  ether  for  Tyr.  Thus,  at  the  end  of  the 
synthesis,  cleavage  of  the  peptide  along  with  the  cleavage  of  side  chain  protecting 
groups  except  for  the  £-NH2  of  the  Lys  to  be  labeled,  was  accomplished  with  TFA. 
The  peptide  was  then  treated  with  HCHO  and  NaBH3CN  to  convert  the  free  e-NHj  to 
dimethyl-amino  groups.  The  only  e-Z  group  present  on  the  sidechain  of  Lys  to  be 
labeled  was  then  cleaved  with  HF.  Dimethylation  of  this  with  H13CHO-NaBH3CN 
gave  the  selectively  13C-dimethylated  peptide.  Using  this  procedure,  four  18A 
peptides  were  synthesized  in  which  different  Lys  side  chains  were  selectively  labeled. 
The  intermediates  in  the  synthesis  have  been  characterized  by  proton  NMR  as 
ascertained  by  the  presence  or  absence  of  characteristic  benzyl  proton  signals  at 
around  5  to  5.5ppm. 

Discoidal  complexes  with  dimyristoyl  phosphatidylcholine  (DMFC)  were 
prepared  using  l3C-dimethylated  peptides  18A  and  18R  ami  were  studied  using  l3C- 
NMR  (Figure  2).  Since  the  a-amino  group  was  also  labeled  during  13C-labeling, 
both  peptides  gave  a  signal  due  to  a-13C  dimethyl  groups  at  40.8  ppm.  The  13C- 
dimethyl  Lys  groups  in  the  18R  analog  gave  a  single  signal  at  42.7  ppm  from  the 
four  e-NH2  groups.  This  indicates  that  the  four  Lys  residues  in  this  peptide  when 
bound  to  lipid  are  in  the  same  microenvironment  with  the  pKa  being  10.2.  In 
contrast,  the  [13C-dimethylLys]18A:DMPC  complex  gave  five  signals  with  chemical 
shifts  in  the  range  of  42.1  to  43.5  ppm;  the  pKa  values  were  in  the  range  8.9  to  1 1 . 
To  identify  the  pKa  of  individual  Lys  residues  in  18 A,  NMR  spectra  of 
peptide:DMPC  complexes  containing  selectively  I3C-dimethyl-labeled  18A  analogs 
were  obtained.  These  results  are  consistent  with  the  snorkel  model  since  in  the  lipid- 
bound  conformation,  interfacial  basic  residues  in  the  18A  amphipathic  helix  are 
present  in  microenvironments  of  different  polarities;  the  different  accessibilities  of 
positively  charged  Lys  residues  to  the  aqueous  environment  leads  to  different  pK, 
values. 
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Fig.  /.  Selective  labeling  of  lysine 
residues  in  18A. 


Fig.  2.  ,3C-NMR  spectra  of  peptide: 
DM  PC  complexes. 
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Introduction 

In  the  course  of  studies  aimed  at  finding  antibacterial  peptides  of  improved 
activity,  several  short  cecropin  A-melittin  hybrids  have  been  shown  to  have 
promising  antibiotic  properties  [1,  2].  These  peptides  retain  the  ability  of  the  parent 
molecules  to  adopt  an  amphipathic  a-helical  conformation,  but  their  small  size  (12- 
1S  residues)  prevents  membrane  spanning  by  a  single  helical  molecule.  In  order  to 
investigate  the  role  of  factors  such  as  helical  character,  amphipathicity  and  charge  on 
biological  activity,  we  have  compared  the  conformational  properties  mid  die  effect  on 
liposome  permeability  of  two  peptides,  KWKLFKKIGAVLKVL-amide  [cecropin 
A(l-7)melittin(2-9),  I],  and  its  hexasuccinyl  derivative  (II),  with  the  same  sequence 
but  reverse  polarity.  Negative  charges  near  the  N-terminus  of  O  are  expected  to 
stabilize  its  helical  conformation.  On  the  other  hand,  since  both  charged  (but 
inverted)  and  non-polar  residues  retain  their  positions,  the  amphipathic  character  of 
the  helix  will  be  preserved.  Since  the  anionic  character  of  D  would  prevent  its 
interaction  with  the  negatively  charged  bacterial  cell  surface,  the  biological  activity  of 
both  I  and  II  has  been  compared  by  the  changes  in  permeability  induced  by  both 
peptides  in  model  membranes  with  no  net  charge. 

Results  and  Discussion 

Peptide  I  was  converted  quantitatively  into  II  by  treatment  with  succinic 
anhydride  (20  eq)  at  pH  9.S.  The  completeness  of  the  reaction  was  verified  by  HPLC 
and  FAB  mass  spectrometry.  I  and  II  contain  a  maximum  of  six  positive  or 
negative  charges  respectively,  resulting  in  characteristically  different  HPCE 
behaviour. 

I  and  H  were  tested  for  their  effect  on  the  permeability  of  neutral  membranes 
formed  by  zwitterionic  and  neutral  lipids  and  encapsulating  carboxyfluorescein.  A 
sharp  increase  in  liposome  permeability  (80-90%  dye  release  within  IS  min)  was 
found  for  peptide  I.  In  contrast,  peptide  II  did  not  show  significant  activity  even  at 
concentrations  more  than  10-fold  higher  and  longer  incubation  times. 

In  aqueous  solution  I  and  D  showed  little  or  no  structure  by  CD  but  readily 
acquired  an  a-helical  conformation  in  the  presence  of  HFIP  or  TFE.  Minimal 
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ellipticities  consistent  with  essentially  100%  helical  contents  for  peptides  of  this 
length  were  observed  above  12%  and  16%  HFIP  for  I  and  II,  respectively.  While 
intrinsically  less  prone  to  become  an  a-helix,  I  had  a  more  cooperative  behaviour 
than  II  and  reached  maximal  helicity  at  lower  HFIP  concentrations,  suggesting  that 
its  a-helical  conformation  was  related  to  aggregation.  Indeed,  concentration 
dependence  studies  showed  clear  evidence  of  aggregating  behaviour  for  both  I  and  II. 
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Fig.  I.  Chemical  shift  differences  of  CHa  protons  of  peptides  I  (empty  bars)  and  II  (filled 
bars)  in  12 %  HFIP  relative  to  I  in  aqueous  solution. 


'H-NMR  studies  (TOCSY,  DQF-COSY,  NOESY  experiments)  were  done  in 
12%  HFIP,  where  maximal  helix  formation  for  both  peptides  is  predicted  by  CD. 
Comparison  of  CH„  signals  of  peptides  I  and  II  with  these  of  I  in  aqueous  solution 
(i.e.,  random-coil)  showed  high-field  shifts  in  consecutive  CHa  protons  (Figure  1), 
characteristic  of  helical  segments  [3,  4],  By  this  criterium  both  I  and  II  were  found 
to  form  a-helices  at  the  C-terminal  region  whereas  II  showed  higher  helical  content 
than  I  at  the  N-terminus.  Sequential  NH-NH  NOEs  provided  confirmatory  evidence  of 
the  helical  character  of  the  C-terminal  moieties  of  I  and  n.  The  presence  of  [i,i+3] 
NOE  in  the  N-terminus  of  I  supported  at  least  some  helical  conformation  in 
equilibrium  with  more  disordered  states.  Results  from  D/H  exchange  experiments 
were  also  significant  While  all  NH  protons  of  II  exchanged  within  a  few  minutes,  as 
expected  for  a  small  peptide,  some  NH  protons  in  the  C-terminus  of  I  exchanged 
very  slowly.  Similar  behaviour  recently  reported  for  a  related  peptide  [5]  was 
attributed  to  hydrogen  bonding  in  the  a-helix.  An  alternative  explanation  would  be 
that  slow  rates  result  from  tight  aggregates,  consistent  with  die  CD  data. 

Although  it  is  not  possible  at  this  time  to  present  a  detailed  model  for  the 
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aggregation  of  I  in  solution,  one  could  envisage  several  possible  juxtaposition 
patterns  (e.g.,  tail-to-tail,  hydrophobic  faces,  melittin-like)  producing  helical 
aggregates  large  enough  to  span  a  lipid  bilayer.  This  could  provide  a  plausible 
explanation  for  the  antibiotic  activity  of  these  short  peptide  antibiotics. 
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Introduction 

All  tyrosine  protein  kinases  (TPKs)  encoded  by  cellular  genes  of  the  src  family 
contain  two  major  pbosphoacceptor  sites  which  are  homologous  to  Tyr-416  and  Tyr- 
527  of  pp60®'*1*.  The  former  represents  the  main  autophosphorylation  site  in  vitro 
and  its  phosphorylation  correlates  with  increased  kinase  activity.  By  using  synthetic 
peptides  with  a  modified  sequence  around  the  Tyr-416  (EDNEYTA),  the  influence  of 
the  charged  side  chains  and  die  propensity  to  assume  a  structural  conformation  on  the 
activity  of  different  splenic  TPKs  has  been  reported  [1],  To  better  examine  the  effect 
of  these  two  structural  factors  we  have  synthesized  by  the  classical  methods  in 
solution  the  N-terminal  acetylated  and  C-terminal  amidated  analog  of  the  parent 
heptapeptide  and  of  its  dimeric  form.  Since  cyclization  imposes  constraints  that 
enhance  conformational  homogeneity  reducing  the  number  of  available 
conformations,  compared  to  that  corresponding  to  the  linear  peptides,  we  have  also 
prepared  the  cyclic  monomer  and  dimer  analogs.  These  synthetic  peptides  were  tested 
as  phosphoacceptor  substrates  for/gr-TPK,  an  enzyme  belonging  to  the  jrr-family, 
and  for  TPK-IIB,  a  spleen  TPK  lacking  autophosphorylation,  active  in  vitro  on  the 
products  of  src  protooncogenes  [1], 

Results  and  Discussion 

The  synthetic  peptides  have  been  assayed  for  their  ability  to  serve  as 
phosphoacceptor  substrates  for  the  above-mentioned  fgr- TPK  and  TPK-IIB.  As 
shown  in  Table  1,  while  the  Na,  C“-blocked  and  cyclic  monomer  (II  and  III)  are 
poor  substrates  for  fgr- TPK,  the  detrimental  effect  due  to  either  cyclization  or  Na, 
C°- modification  of  the  EDNEYTA  is  overcome  by  dimerization.  All  the  three 
dimers  (IV,  V  and  VI)  are  in  fact  highly  phosphorylated.  This  dramatic  activity 
increase  cannot  simply  be  accounted  for  by  the  presence  of  two  tyrosyl  residues  in  the 
sequence.  The  cyclization  of  the  monomer  also  causes  inhibition  of  the 
phosphorylation  efficiency  of  the  TPK-IIB.  The  reduced  activity  of  this  enzyme  for 
the  N“,  C“-modified  heptapeptide  (II)  is  clearly  due  to  an  affinity  decrease,  as  denoted 
by  higher  Km  value.  The  free  and  cyclic  dimers  (IV  and  VI)  are  better  substrates, 
displaying  however  only  2-fold  higher  phosphorylation  efficiency.  This  might 
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simply  be  due  to  the  presence  of  two  phosphorylatable  tyrosyl  residues 
conformational] y  suitable  for  the  enzyme. 

A  possible  correlation  between  the  secondary  structure  of  the  synthetic  linear 
and  cyclic  peptides  and  their  substrate  recognition  by  the  mentioned  TPKs  was 
studied  using  CD  and  fluorescence  spectroscopy  in  three  different  media:  3  mM 
Tris/HCl  pH  6.8,  98%  TFE  and  30  mM  SDS.  While  the  transfer  of  all  peptides 
from  water  to  the  hydrophobic  media  induces  spectral  variations,  the  cyclic 
heptapeptide  (III)  shows  the  same  CD  spectra  in  the  different  solvents  used.  This 
result  is  indicative  of  the  presence  of  an  ordinate  structure,  characterized  by  a  high 
degree  of  rigidity.  This  lack  of  flexibility  due  to  the  heptapeptide  cyclization  might 
explain  the  negligible  phosphorylation  degree  of  cyclic  EDNEYTA  by  the  enzymes. 
Also  the  cyclization  of  the  dimer  (VI)  has  a  negative  effect  on  the  phosphoacceptor 
activity  of  fgr- TPK  in  comparison  with  the  corresponding  linear  peptide  (IV). 
However  this  effect  is  much  less  pronounced  than  in  the  case  of  the  monomer, 
suggesting  that  the  larger  cycle  consents  a  much  greater  flexibility  of  the  sequence 
than  the  smaller  one. 

Table  1  Phosphorylation  rates  and  kinetic  constants  offgr-TPK  and  TPK-HB  for 
synthetic  peptides  substrates.  (Efficiency  is  expressed  as  10’2) 
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These  data  confirm  our  previous  suggestion  that  more  than  a  defined  secondary 
structure  characterized  by  a  fixed  geometry,  a  flexible  chain  seems  the  major 
requirement  for  a  suitable  interaction  between  the  substrates  and  the  enzymes  and 
their  subsequent  phosphorylation. 
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Introduction 

Human  GRF(l-44}-NH2  is  subject  to  biological  inactivation  by  both  enzymatic 
and  chemical  routes.  In  plasma,  hGRF(  1  -44)-NH2  is  rapidly  degraded  via 
dipeptidylpeptidase  IV  (DPP-IV)  enzyme  cleavage  between  residues  Ala2  and  Asp3 
[1].  hGRF(l-44)-NH2  may  also  undergo  spontaneous  rearrangement  (Asp8  to  Iso- 
Asp8)  [2]  and  oxidation  (Met27  to  Met(O)27)  [3]  in  aqueous  environments,  greatly 
reducing  its  bioactivity  [4].  It  was  postulated  that  longer  acting  GRF  analogs  could 
be  developed  if  these  degradative  pathways  could  be  inhibited,  i.e.,  using  specific 
amino  acid  replacements  at  the  amino  terminus  (to  prevent  recognition  by  DPP-IV), 
residue  8  (to  reduce  isomerization)  and  residue  27  (Leu27  to  prevent  oxidation). 
Inclusion  of  Ala1  ^substitution  (for  Gly15),  previously  demonstrated  to  enhance 
receptor  binding  affinity  (4],  was  expected  to  improve  GRF  analog  potency  [5],  To 
examine  this  hypothesis,  a  series  of  [Ala15,  Leu27]-hGRF(l-32)-OH  analogs  was 
synthesized  with  His1  and/or  Val2-substitutions  (from  the  mouse  GRF  sequence)  [6] 
for  Tyr1,  Ala2-  (human  sequence)  [7,  8J;  and  replacement  of  Thr8  (mouse  GRF 
sequence)  [6],  Set8  (rat  GRF  sequence)  [9]  or  Gin8  (not  naturally  occurring)  for  Asn8 
(human  GRF  sequence)  [7,  8],  His1  and  Val2-substitutions  were  selected  as  they 
were  previously  observed  to  inhibit  DPP-IV  cleavage  of  GRF  analogs  in  vitro  [10). 
Thr8,  Ser8  or  Gin8  substitutions  were  utilized  to  suppress  the  isomerization 
associated  with  Asn8  [2],  The  analogs  produced  were  bioassayed  for  GH-releasing 
activity  (rat  pituitary  cell  culture)  and  plasma  stability  (incubation  in  porcine  plasma) 
in  vitro.  The  most  potent  analogs  were  also  examined  for  in  vivo  GH-releasing 
activity  (s.c.  injection  into  pigs). 

Results  and  Discussion 

1 .  In  Vitro  Potency:  With  the  exception  of  [Val2,  Ala15,  Leu27]-hGRF(l-32)-OH, 
all  hybrid  rodent-human  hGRF(l-32)-OH  analogs  were  highly  active  (potencies  =>2-3 
fold  that  of  hGRF(l-44)-NH2).  Replacement  of  Asn8  with  either  Set8,  Thr8  or  Gin8 
did  not  alter  potency. 

2.  Aqueous  Stability:  The  aqueous  half-lives  of  hGRF(l-32)-OH  analogs  were 
greatly  enhanced  by  substitution  of  either  Ser8,  Thr8  or  Gin8  (=>  4-7  fold  over  [His1, 
Val2,  (Asn8),  Ala15,  Leu27]-hGRF(l-32)-OH). 
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Table  1  Assays  of  rodent-human  GRF(l-32)-OH  (hGRF&)  analogs 


hGRF  Analog 

Relative 
Potency® 
In  vitro 

Relative 
Potency8 
In  vivo 

Aqueous 
Stability® 
Tl/2  (hr) 

Plasma 
Stability*1 
Tl/2  (min) 

hGRF(  1  -44)-NH2 

1.0 

1.0 

76 

7.4 

hGRF(  1  -29)-NH2 

0.7 

0.9 

— 

8.4 

[Al5]-hGRF32 

2.1 

— 

— 

8.0 

[A15,  L27]-hGRF32 

1.9 

— 

— 

15 

[H‘,  A15,  L27]-hGRF32 

3.0 

1.2 

— 

25 

[V2,  A15,  L27]-hGRF32 

0.3 

1.7 

— 

35 

[H1,  V2,  A15,  L27]-hGRF32 

2.8 

5.4 

208 

45 

[H1,  V2,  S8,  A15,  L27]-hGRF32 

3.1 

12.4 

1470 

42 

[H1,  V2,  T8,  A15,  L27]-hGRF32 

2.5 

10.9 

1046 

49 

[H1,  V2,  Q8,  A'5,  L27]-hGRF32 

2.8 

12.5 

826 

43 

“GH-releasing  potency  relative  to  hGRF(l-44)-NH2  using  cultured  rat  pituitary  cells. 
bGH-releasing  potency  relative  to  hGRF(l-44)-NH2  using  area  under  the  curve  data  from 
pigs  injected  s.c.  (1-30  jxg/kg)  and  blood  sampled  at  various  times  over  6  hrs. 
c0.5  mg/ml  analog  incubated  in  0.23M  Na2HP04/H3P04  at  37°C  (pH  7.4),  peptide  content 
of  aliquots  determined  by  analytical  HPLC. 

d0.1  mg/ml  analog  incubated  in  porcine  plasma  at  37°C  and  aliquots  extracted  using  Cl 8 
SEP-PAK  columns;  peptide  content  determined  by  analytical  HPLC. 

3.  Plasma  Stability:  The  half-lives  of  hGRF(l-32)-OH  analogs  in  plasma  were 
improved  by  all  substitutions  employed.  The  results  of  the  selected  position  1,  2,  8 
and  27  replacements  were  approximately  additive;  with  the  ultimate  penta-substituted 
analogs  being  6-7  fold  more  resistant  to  degradation  compared  to  hGRF(l-44)-NH2. 

4.  In  Vivo  Potency:  As  anticipated  from  in  vitro  potency  and  stability  data  (Table 
1),  the  combined  substitution  of  His1,  Val2  dramatically  increased  the  potency  of 
[Ala15,  Leu27]-hGRF(  1  -32)-OH  analogs  (=*5  fold  that  of  hGRF(l-44)-NH2).  This 
potency  was  further  increased  by  additional  Ser8,  Thr8  or  Gin8  substitution  (=11-13 
fold  that  of  hGRF(  1  -44)-NH2). 

In  summary,  greatly  enhanced  bioactivity  was  observed  with  three  penta- 
substituted  hGRJF(l-32)-OH  analogs.  In  vitro ,  these  analogs  were  =3  fold  more 
potent  than  hGRF(  1  -44)-NH2,  whereas  in  vivo  they  were  1 1-13  fold  more  potent.  As 
the  in  vitro  results  reflect  only  receptor  affinity  and  signal  transduction,  the  increment 
in  potency  observed  in  vivo  is  likely  due  to  the  increased  biological  half-life  of  these 
analogs  (i.e.,  the  result  of  decreased  enzymatic  and  chemical  decomposition  such  that 
more  bioactive  peptide  is  available  per  unit  time). 
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Introduction 

Over  the  past  several  years,  at  least  two  generations  of  peptide  bradykinin 
antagonists  have  been  reported.  We  have  explored  the  N-terminal  structure-activity- 
relationship  associated  with  the  highly  potent,  second  generation  antagonists 
extensively,  and  systemically.  The  results  led  directly  to  the  synthesis  of  two, 
conformationally  constrained,  cyclic  peptides. 

Results  and  Discussion 

Using  NFC  18545  (D-A^-Arg'-P^-HyfP-Gl^-lW-Se^-D-Tic’-Oic^Arg9) 
as  a  potent  reference  peptide  (IQ  =  0.08  nM),  systematic  glycine  replacements  (i.e. 
side  chain  removals)  were  made  for  residues  1*5.  Subsequent  binding  results 
suggested  that  the  side  chains  of  Arg1  and  Pbe5  contribute  about  the  same  toward 
receptor  affinity,  and  a  peptide  containing  them  together  shows  an  additive 
enhancement  in  potency  (Table  1).  Potencies  in  the  range  of  the  parent  peptide  can 
only  be  obtained  by  the  further  addition  of  either  the  Pro2  or  Hyp3  side  chains. 

Following  up  on  the  discovery  that  the  2  chiral  centers  and  the  side  chains  of 
Arg1  and  Phe5  are  minimally  required  to  maintain  high  receptor  affinity,  a  second 
series  of  peptides  was  prepared  to  study  the  relative  importance  of  the  individual 
amide  bonds  between  residues  1-5.  Based  (Hi  receptor  affinities,  there  appears  to  be 
a  gradient  of  importance  for  the  amide  bonds  between  residues  1  -  5.  This  importance 
could  be  structural,  electronic,  or  both.  Since  (14)  had  a  IQ  of  13.7  nM  and  (17)  had 
a  IQ  of  1  nM,  which  differs  from  the  former  only  in  that  it  lacks  the  amide  between 
residues  2  -  3,  it  is  clear  that  this  amide  contributes  little  to  receptor  affinity.  For  the 
other  two  amides  studied,  that  linking  residues  3  -  4  appears  to  be  of  lesser 
importance  (IQ  »  813  nM)  than  that  linking  residues  4  -  5  (IQ  >  2000nM). 

Ca-Me  and  N-Me  backbone  constraints  were  introduced  into  either  Gly4,  Phe5, 
or  both  as  a  means  of  gaining  insight  into  the  bio-active  conformation.  The  C“- 
methyl  Phe5  substitution  results  in  no  significant  loss  in  receptor  affinity,  which 
suggests  that  the  t,  V  backbone  dihedral  angles  about  Pbe5  are  in  the  vicinity  of 
-50°,  -50°  in  the  biologically  active  conformation.  This  would  represent  a  helical 
twist  or  "kink"  in  the  mid-section  of  the  peptide. 
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As  a  test  of  this  hypothesis,  two  Cys-containing  cyclic  peptides  were  prepared 
which  were  expected  to  induce  a  similar  "kink"  via  covalent  side  chain  cyclization. 
These  cyclic  peptides,  both  found  to  be  potent  competitive  antagonists,  are  shown  in 
Table  1. 

Table  1  Peptides  used  to  study  conformation  preferences  and  the  relative  importances 
of  amide  bonds  and  side  chains  in  bradykinin  receptor  antagonists 


Compound  x2  X3  X,  X5  X*  Kj  (nM) 

GH 
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Table  1  Continued 

1  All  peptides  were  of  the  general  sequence  H-DR-XrXrX4-X5-X<-Ser-(D)Tic-0«c- 
Arg-Oic,  except  26,  which  is: 

H-DR-R-^-P-G-F-i-DTic-Oic-R-OH 

2  All  potent  peptides  were  shown  to  be  antagonists  by  functional  assays  in  GPL 


DTtc  Oic 


At  the  tune  of  this  report,  these  peptides  represent  the  first  example  of  potent, 
cyclic  bradykinin  antagonists.  We  anticipate  that  the  elucidation  of  the  solution 
structures,  when  combined  with  SAR  data  as  we  presented  hoe  could  ultimately  lead 
to  die  design  of  non-peptide  bradykinin  antagonists. 


Design  &  synthesis  of  novel  cyclic  RGD  peptides 
as  highly  potent  &  selective  GPIIb/IUa  antagonists 
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D.  Dixon  and  M.D.  Pierschbacher 

Telios  Pharmaceuticals,  Inc.,  4757  Nexus  Centre  Drive 
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Introduction 

Adhesion  of  platelets  to  the  endothelial  surface  of  injured  blood  vessels  as  well 
as  platelet  aggregation  are  critical  events  for  the  development  of  coronary  artery 
thrombosis.  Adhesion  and  aggregation  of  platelets  is  mediated  by  fibrinogen  that 
interacts  with  a  platelet  membrane  glycoprotein  complex,  GPUb/IIIa,  at  the  platelet 
surface.  The  GPUb/IIIa  complex  is  a  member  of  die  family  of  cell  adhesion  receptors 
called  integrins  [1].  It  has  been  shown  that  some  of  these  receptors  bind  to  a 
common  recognition  structure,  an  Arg-Gly-Asp  (RGD)  tripeptide  sequence  [2], 
Inhibition  of  the  binding  of  fibrinogen  to  GPOh/DIa  via  molecules  based  on  the  RGD 
tri peptide  sequence  is  a  promising  approach  for  the  inhibition  of  platelet  aggregation 
and  subsequent  thrombus  formation. 

We  have  reported  previously  that  we  have  identified  a  series  of  cyclic  RGD- 
containing  peptides  that  are  highly  potent  and  selective  for  GPUb/IIIa  with  negligible 
affinity  for  vitronectin  and  fibronectin  receptors  [3].  One  of  these  analogues, 
TP9201,  has  been  shown  to  inhibit  platelet-mediated  thrombus  formation  without 
associated  prolongation  of  template  bleeding  time  [4],  Our  current  studies  have 
focused  on  the  design  and  synthesis  of  smaller  ring  analogues  with  the  aim  of 
optimizing  binding  affinity  while  reducing  ring  size. 

Results  and  Discussion 

The  arginine,  glycine  and  aspartic  acid  residues  in  the  RGD  tripeptide  sequence 
are  essential  for  activity  and  the  arginine  side  chain  and  the  aspartic  side  chain  are 
critical  for  binding.  From  the  structure-activity  relationship  studies  [3],  it  has  been 
shown  that  the  hydrophobic  residues  at  position  3  [3]  and  a  positive  charge  residue  at 
position  4  [3]  play  very  important  roles  in  binding  of  these  analogues  to  GPIIb/IIIa. 
It  is  critical  to  retain  these  two  features  for  our  design  of  small  ring  analogues.  First, 
an  effort  was  made  to  explore  the  possibility  of  obtaining  active  antagonist  analogues 
of  analogue  1,  but  with  a  reduced  ring  size  from  29-mem bered  to  26-membered  and 
23-membered.  Analogue  3  and  analogue  4  were  prepared  and  evaluated.  Analogue  4, 
which  contains  a  23-membered  ring,  inhibited  platelet  aggregation  with  an  IC^,  of 
0.27  jiM.  Deletion  of  the  asparagine  residue  at  position  -2  [3]  and  the  proline  residue 
at  position  -1  [3]  from  analogue  1  resulted  in  a  compound  that  retained 
approximately  80%  of  inhibitory  activity.  These  two  residues  (N  and  P)  served 
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primarily  to  attain  the  bioactive  conformations  and  both  can  be  deleted  provided  that 
they  are  replaced  by  proper  cyclic  constraints. 

Decreasing  the  ring  size  of  analogue  4  from  23  to  20  by  deleting  the  arginine 
residue  at  position  4  [3]  induced  a  drastic  decrease  of  potency.  In  addition,  the  17- 
membered  ring  analogue  6  was  made  by  deleting  the  O-methyl-tyrosine  residue  at 
position  3  [3]  of  analogue  5.  Analogue  6  also  showed  a  dramatic  decrease  in 
potency. 

A  series  of  small  cyclic  disulfide  heptapeptides  containing  the  minimum  active 
sequence,  R-G-D-(0-Me-Y>R,  were  designed  and  synthesized  based  mi  the  sequence 
of  analogue  4.  The  substitution  of  Cys  with  an  ^-terminal  Mpr  residue  resulted  in  a 
2-3  fold  increase  in  potency  compared  with  analogue  4.  Analogue  8  fMprlRGDfO- 
Mc-Y)RC-NH2  inhibited  platelet  aggregation  with  an  ICg,  of  0.12  pM  which  was 
approximately  2-fold  more  reactive  than  analogue  1  Ac-CNPRGDfQ-Me-YIRr-NH. 
Analogue  8  also  exhibited  very  low  affinities  for  FnR  and  VnR. 

Next,  we  examined  the  effect  of  the  substitution  of  the  O-Me-Y  residue  at 
position  3  with  Ala.  The  substitution  of  Ala  for  O-Me-Y  preserves  the  overall 
peptide  backbone  and  more  carefully  assesses  the  importance  of  the  O-Me-Y  side 
chain.  This  modification  caused  a  drastic  decrease  of  potency  and  reaffirmed  the 
importance  of  the  O-Me-Y  side  chain. 

Table  1  Systematic  reduction  in  ring  size 


Peptide* 

Platelet  Aggr. 
IC50(nM)b 

mvnia 

ELISA 

ICjofpM) 

FNR 

ELISA 

ICjoOiM) 

VNR 

ELISA 

ICsjGiM) 

1 

0.22 

0.029 

8.20 

4.70 

2 

0.17 

0.001 

6.8 

6.7 

3 

0.46 

0.0046 

10.0 

10.0 

4 

0.27 

0.0094 

5.2 

1.7 

5 

19.0 

nt*1 

6.6 

nt" 

6 

53.0 

0.18 

nt*1 

1.7 

Peptide* 

1  Ac-CNfRGD(0-Mc-Y)RC-NH2(TP92<l),  2  Ac-TO-PenlNPRGlXO-Me-YlRC  -NH2 
3  Ac-(D-PenlPRGIXO-Me-YlRC-NH:.  4  Ac-CRGDfO-Mc-YlRC-OH 
5  Ac-CRGIXO-Me-YlC-NH2. 4  Ac-CRGDC-NH, 

•The  unnatural  amino  acids  used  in  this  study  have  been  given  the  following 
abbreviations:  Mpr,  {J-mercaptopropionic  acid;  Pen,  penicillamine;  D-Pen,  D- 
penicillamine;  Pmp,  P.P-pentamethylene-B-mercaptopropionic  acid;  O-Me-Y,  O-methyl- 
tyrosine;  O-n-butyl-Y,  O-n-butyl-tyrosine. 

bThe  platelet  aggregation  in  human  platelet  rich  plasma  (PRP)  was  induced  by  A  DP. 
cNot  tested 
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Table  2  Cys  and  TyrfMe)  replacements  (modifications  of  Ac-CRGDt O-Me-  YIRC- 
OH) 


Platelet  Aggr. 
Peptide*  ICjoCjiM)* 

ntvnia 

ELISA 

IC,o(uM) 

FNR 

ELISA 

ICjoOiM) 

VNR 

ELISA 

KjoOtM) 

4 

0.27 

0.0094 

5.20 

1.70 

7 

0.34 

0.016 

4.90 

7.04 

8 

0.12 

0.016 

3.50 

4.30 

9 

0.20 

0.038 

7.70 

10.00 

10 

0.46 

0.05 

1.70 

0.35 

11 

1.70 

0.63 

9.30 

7.30 

12 

4.0 

4.6 

nt= 

2.40 

Peptide* 

7  Ac-CaSBffi^fcJQRC-NHy  8  (MgttfiDCQrAfc-YaC-NH;, 

9  (PmclRGIXQ-Me-YTRC-NHU,  19  Ac-CRGDtO-Me-YjR/PenVNR, 
11  Ac-(D-FenlRGD(Q-Mc-Y)RC-NH.,.  12  Ac-CRGDARC-OH 
•**Scc  Table  1 
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Introdaction 

Thrombin-induced  platelet  activation  plays  a  pivotal  role  in  arterial  thrombosis. 
According  to  a  novel  mechanism  of  receptor  activation,  thrombin  cleaves  its  receptor 
to  create  a  new  amino  terminus,  which  can  then  act  as  a  tethered  ligand  to  activate  the 
receptor  [1].  A  14-amino  acid  peptide,  Ser-Phe- Leu-Leu- Arg- As  n-Pro-Asn- Asp-Lys- 
Tyr-Glu-Pro-Phe-OH,  derived  from  the  new  amino  terminus  of  the  receptor,  is  also 
able  to  fully  activate  human  platelets  and  cause  aggregation  in  the  absence  of 
thrombin  with  an  EC 50  of  10,000  nM.  Carboxy-truncated  analogs  of  this  14-residue 
peptide  have  also  been  found  to  have  full  receptor  activating  potencies  [2-4],  In  order 
to  develop  a  high  affinity  ligand,  position  modifications  for  agonist  potency 
enhancement  were  carried  out.  SAR  studies  resulted  in  the  discovery  of  potent 
thrombin  receptor  activating  peptides.  Potent  peptides  suitable  for  radiolabelling 
were  also  found. 

Results  and  Discussion 

Peptide  analogs  of  Ser-Phe-Leu-Leu-Arg-Asn-Pro-Asn-Asp-Lys-Tyr-Glu-Pro- 
Phe-OH  were  synthesized  incorporating  modifications  which  would  help  elucidate 
structural  features  critical  for  thrombin  receptor  activation.  Structure  modifications 
involved:  (a)  peptides  of  shorter  chainlength  and  (b)  side-chain  and  backbone 
modifications.  Chemical  syntheses  were  carried  out  by  the  solid  phase  method  using 
an  ABI 430  A  (t-Boc  based  chemistry)  instrument,  HF  deprotection,  and  purification 
by  HPLC.  Products  were  characterized  by  HPLC  (>999b  purity),  amino  acid  analysis 
and  FABMS.  Biological  potencies  of  analogs  were  measured  as  peptide  effects  on  the 
extent  of  human  blood  platelet  aggregation. 

As  shown  in  Table  1,  the  N-tenninal  pentapeptide  amide  (analog  5)  retains  high 
potency  and  was  used  as  reference  structure  for  further  SAR  studies.  C-terminal 
amides  were  found  to  be  more  potent  than  acids  (see  for  example  3  versus  2).  An 
alanine  scan  confirmed  literature  reports  [2,  3]  in  that  the  aromatic  sidechain  of  Phe-2 
is  critical  for  receptor  activation  (analog  6),  and  that  Ser-1  and  Leu-3  can  be  replaced 
by  Ala  (analog  7  and  8)  with  complete  retention  of  potency.  Leu-4  can  be  replaced 
with  the  more  hydrophobic  cyciohexylalanine  (ChA)  (analog  10)  with  a  two  fold 
increase  in  potency.  The  replacement  of  Phe-2  with  Phe(p-F)  (analog  9)  has  a 
potency  increasing  effect  of  four  fold.  The  potency  enhancing  modifications  of  p-F- 
Phe-2  and  ChA -4  were  combined  and  resulted  in  Ala-  Phe(p-F)-Leu-ChA-Arg-NH2 
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(analog  11)  with  EC50  *  140  nM.  An  arginine  in  position  3  (analog  12)  gives 
added  solubility,  while  homo-Arg  in  position  5  increases  potency  slightly  (analog 
13).  The  C-terminally  extended  hexapepdde  (analog  4)  was  shown  to  be  more 
potent  than  the  pentapeptide  (analog  5).  Thus,  in  order  to  further  increase  potency 
and  make  available  analogs  for  potential  radiolabelling,  the  most  potent  pentapeptide 
(analog  14)  was  elongated  with  a  tyrosine  amide.  This  modification  resulted  in  Ala- 
Phe(p-F)-Arg-ChA-hArg-Tyr-NH2  (analog  16)  with  an  ECjq  of  10  nM,  a  27-fold 
potency  enhancement  over  the  corresponding  pentapeptide  (analog  14),  the  most 
potent  agonist  reported  to  date.  The  replacement  of  Tyr  with  Tyr(p-I)  resulted  in  Ala- 
Phe(p-F)-Arg-ChA-hArg-Tyr(p-I)-NH2  (analog  17),  which  shows  an  ECjq  of  30  nM. 
This  level  of  potency  is  suitable  for  possible  use  as  a  radioligand  in  receptor  binding 
assays. 


Table  1  Activity  of  novel  thrombin  receptor  agonist  peptides 


No. 

Structure 

Platelet 
Aggregation* 
(ECjq  nM) 

1 

Ser-Phe-Leu-Leu-Arg-Asn-Pro-Asn-Asp-Lys-Tyr-Glu-Pro-Phe-OH 

10,000 

2 

Ser-Phe-Leu-Leu-Arg-Asn-Pro-Asn-Asp-Lys-OH 

8,000 

3 

Ser-Phe-Leu-Leu-Arg-Asn-Pro-Asn-Asp-Lys-NH2 

2,000 

4 

Ser-Phe-Leu-Leu-Arg-Asn-NH2 

180 

5 

Ser1  -Phe2-Leu3-Leu4-ArgJ-NH2 

1,000 

6 

Ser- Ala- Leu-Leu- Arg-NH2 

>8000 

7 

Ala-Phe-Leu-Leu-Arg-NH2 

800 

8 

Ser-Pbe- Ala-Leu- Aig-NH2 

1,000 

9 

Ala-Phe(p-F>-Leu-Leu-Arg-NH2 

200 

10 

Ala-Phe-Leu-ChA-Arg-NH2b 

400 

11 

Ala-Phe(p-F)-Leu-ChA-Arg-NH2 

140 

12 

Ala-Phe(p~F)-Arg-ChA-Arg-NH2 

130 

13 

Ala-Phe(p-F>-Leu-ChA-hArg-NH2 

120 

14 

Al  a-Phe(p-  F>- Arg-ChA-  hArg-  NH2 

100 

15 

Ala-Phe(p~F)-Arg-CbA-hArg-NHEt 

160 

16 

Ala-Phe(p-F>-Arg-ChA-hArg-Tyr-NH2 

10 

17 

Ala-Phe(p-F)-Arg-aiA-hArg-Tyr(p-I>NH2 

30 

*ECjo  for  stimulation  of  aggregation  of  human  platelets; 
bChA,  cyclohexyl-Ala. 


388 


D.-M.  Feng  et  aL 


Biologically  Active  Peptides 


Structural  features  responsible  for  activation  of  the  thrombin  receptor  have  been 
elucidated.  The  potency  of  shortened  peptides  has  been  enhanced  up  to  1000-fold. 
These  potent  thrombin  receptor  activating  peptides  provide  powerful  tools  for  the 
development  of  a  receptor  radioligand  and  the  potential  establishment  of  a  binding 
assay. 
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Introduction 

We  have  previously  shown  that  within  the  format  [Thr2,Ala,5,Leu27]bGRF(l- 
29)NH2,  substitution  of  the  native  Ala19  residue  with  the  hydrophobic  residues  Leu, 
lie  or  Val,  effected  changes  in  the  growth  hormone  (GH)  releasing  activity  of  the 
analogs  [1].  Additional  studies  in  vitro  and  in  vivo  [2]  have  shown  that  at  position 
2,  lie  and  Val  were  superior  to  Thr  in  the  [X2,Alals,Leu27]bGRF(l-29)NH2  format. 
We  have  now  prepared  GRF  analogs  modified  both  at  position  2  (Thr,  De,  Val)  and  at 
position  19  (Leu,  lie,  Val).  These  compounds  were  examined  for  GH  release  in  vitro 
(cultured  rat  anterior  pituitary  cells)  and  in  vivo  (steers).  The  contribution  of  each  of 
these  substitutions  to  GH  release  was  determined. 

Results  and  Discussion 

The  results  of  die  GH  release  in  vitro  and  in  vivo  are  shown  in  Table  1.  In 
vitro,  the  lie2,  Val 19  analog  was  most  active,  while  the  Thr2,Leu19  analog  was  least 
active.  Compounds  with  Leu19  substitution  were  less  active  than  their  lie  or  Val 
counterparts.  Free  and  Wilson  analysis  [3, 4]  (which  assumes  substituent  additivity) 
of  the  in  vitro  data  showed  that  relative  to  the  Thr2, Ala19  analog  the  specific 
contributions  (expressed  as  ng  GH/105  cells/4  hrs)  were  as  follows:  Val2  +895,  Ile2 
+1704,  Val>9  +29181,  He19  +1181,  and  Leu19  -4052.  All  of  these  contributions 
were  significant  (p=0.05)  except  Val2.  The  correlation  for  the  regression,  r=0.988. 

In  vivo,  differences  in  activity  were  more  difficult  to  detect.  Free  and  Wilson 
modelling  the  in  vivo  data  did  not  yield  a  significant  regression.  Compounds  with  a 
Leu19  substituent  tended  to  be  least  active,  however,  due  to  the  variability  of  the 
assay  and  perhaps  pharmacokinetic  factors  not  accounted  for,  it  was  difficult  to 
demonstrate  effects  of  the  other  substitutions  as  could  be  observed  in  vitro. 
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Table  1  Effects  of  GRF  analogs  on  growth  hormone  release  in  vitro  and  in  vivo 


Treatment 

In  vitro 

GH  release* 

In  vivo 

GH  release* 

Vehicle 

1963* 

1.00* 

[Leu27]bGRF(  1  -29)NH2 

7561“ 

ND 

De2Ala,5Val19 

12082* 

4.25c 

ne2Ala,5ne,!> 

HOC#-* 

2.91be 

Val2AlaI5Val19 

11832** 

3.77biC 

Val2AlalsHe‘9 

10686* 

4.47c 

ni^Ala^Val19 

9252c 

4.10c 

Th^Ala^Ile19 

6263c,d 

3.23c 

Thi^Ala^Leu27 

583 1<= 

3.60° 

ne2Ala,3Leu19 

5835c 

2.38b 

Val2AlaI5Leu19 

3976b 

3.07bc 

Th^Ala^Leu19 

2443* 

3.20** 

bGRF(l-44)NH2 

ND 

2.29b 

*The  amount  of  rGH  release  in  the  pituitary  cell  cultures  from  treatments  (0.1  nM)  is 
expressed  as  ng  per  2  x  10s  cells/4hrs  (n=4).  ‘Two  hour  bGH  integrated  area  under  the 
curve  from  steers  treated  (i.v.)  at  30pmol/kg.  Data  was  analyzed  by  ANOVA.  Methods  ate 
described  in  reference  1.  «.*>.<:, d.e,f,*within  a  given  column,  means  lacking  a  common 
superscript  differ  at  p<0.05.  ND,  not  determined. 
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Introduction 

CP-0127  1  is  a  potent,  selective,  antagonist  of  bradykinin  type  2  receptors  and 
is  currently  undergoing  testing  in  phase  II  clinical  trials  for  the  treatment  of 
SIRS/sepsis  (Table  1).  Compound  1  is  formed  by  dimerization  of  a  decapeptide  2, 
which  exhibits  less  potent  BK2  antagonist  activity.  The  dimerized  structure  results 
in  a  compound  with  approximately  10  to  100  times  the  potency  of  the  monomeric 
precursor  in  functional  tissue  assays.  However,  a  monomer  3  containing  an  (N- 
hexyl)-succinimide  moiety  exhibited  identical  potency.  Analogs  were  constructed  to 
test  the  role  of  the  succinimide  carbonyls  and  hydrophobic  alkyl  side  chains  in 
receptor  binding.  Potent  (in  vitro)  analogs  were  discovered  which  possess  neither  a 
dimeric  peptide  structure  nor  an  (N-alkyl)-succinimide  side-chain.  We  present  here  a 
preliminary  study  to  optimize  four  parameters:  potency  in  functional  assays  (rat 
uterus,  pA2),  antagonist  irreversibility  as  evidenced  by  low  recovery  percentages  after 
wash-off  experiments,  compound  stability,  and  minimization  of  partial  agonism  at 
very  high  doses  (10-5  M). 

Results  and  Discussion 

Rat  uterus  in  vitro  pA2  measurements  were  done  as  previously  described  [1]. 
Antagonist  potency  was  calculated  according  to  the  method  of  Arunlakshana  and 
Schild  [2],  Compound  3  was  synthesized  as  a  mixture  of  diastereomers  which  were 
separated  by  HPLC.  The  data  given  here  are  for  the  mixture.  The  separated 
diastereomers  gave  essentially  equivalent  biological  data.  Compound  4,  which 
represents  formal  deletion  of  CH2CO  from  the  succinimide  ring  results  in  a 
significant  loss  in  antagonist  potency,  an  increase  in  wash-off,  and  a  decrease  in 
partial  agonism  at  high  doses.  Compound  5,  a  "retro”  analog  of  4  shows 
approximately  equivalent  activity,  suggesting  the  lack  of  importance  for  the 
remaining  carbonyl  for  antagonist  potency.  Formal  deletion  of  the  putative  "non- 
essential"  carbonyl  results  in  compound  6,  with  increased  intrinsic  potency  (pA2  = 
8.7).  However,  antagonist  wash-off  is  increased,  and  minor  partial  agonism  at  high 
doses  is  maintained.  The  BK2  receptor  is  membrane-bound.  It  may  be  possible  that 
the  antagonists  with  hydrophobic  side  chains  first  interact  with  the  cell  membrane 
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and  then  diffuse  on,  or  in  the  membrane,  to  the  receptor  binding  site.  A  farnesyi 
analog  7  was  constructed  to  test  this  hypothesis.  The  olefmic  carbons  provide  a 


Table  1  Bradykinin  antagonists  of  the  structure,  D-Arg-Arg-Pro-Hyp-Gty-Phe-X-D- 
Phe-Leu  _ _ _ 

X 


& 


=8.5*03  (a  >3) 
Recovery 


10  bM 


1*2=7.1*0.10  (a  >3) 

100%  Recovery 

No  partial  agoabm  at  10  uM. 


pA,  =84*0.14  (a=9) 

43%  Recovery 

-15%  Partial  agoaiam  at  10  uM. 


pA,  =7.9*0.12  (a=6) 

74%  Recovery 

5%  Partial  agoedsm  at  10  aM 


pAj  =  7.8*0.12  (a  =  3) 

100%  Recovery 

No  partial  agoabo  at  10  nM. 


0A3  =87*0.14  (a=7) 

75%  Recovery 

-15%  Partial  agoabmtf  10  aM. 


pA,  =7.7*0.10  (a=6) 

0%  Recovery 

No  partial  agoebzn  at  10  aM. 
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mimic  of  the  succinimide  scaffolding.  Formal  deletion  of  the  "essential”  carbonyl 
decreases  intrinsic  potency,  but  results  in  an  essentially  irreversible  antagonist.  The 
loss  of  potency  of  die  n-dodecyl  straight-chained  analog  8  illustrates  the  necessity  of 
a  rigid  scaffolding  structure,  as  well  as  a  hydrophobic  chain.  Although  the 
"essential"  carbonyl  of  the  succinimide  or  lactam  analogs  is  desirable  for  high 
intrinsic  potency,  it  is  also  associated  with  poorer  wash-off  characteristics  and  partial 
agonism  at  very  high  doses.  The  famesyl  analog  provided  a  template  for  exploring 
scaffolding  geometry  which  may  mimic  the  requisite  geometry  for  potency  but 
eliminate  partial  agonism  at  high  doses,  as  demonstrated  by  compound  9  in  which  a 
benzyl  group  scaffold  provides  good  intrinsic  potency,  no  partial  agonism,  and  an 
essentially  irreversible  antagonist  The  necessity  of  a  rigid  scaffold  of  a  well  defined 
geometry  for  intrinsic  potency  is  illustrated  by  the  lack  of  potency  of  10  containing 
a  "para”  phenyl  scaffold. 


X 


pA2  =  7.310.10  (n=9) 

0%  Recovery 

No  partial  agonism  at  10  uM. 


pA2  =  8.1  ±0.12  (n=5) 

0%  Recovery 

No  partial  agonism  at  10  uM. 


pA2  =6.9±0.10  (n=4) 

21%  Recovery 

No  partial  agonism  at  10  uM. 


The  linker  structure  of  CP-0127  is  responsible  for  a  significant  enhancement  in 
potency  of  the  dimer  as  compared  to  the  monomeric  structure.  Using  fragments  of 
the  bis-succinimidohexane  linker  it  is  possible  to  obtain  compounds  with  equal 
potency,  such  as  3,  or  even  enhanced  potency  such  as  6  compared  to  compound  1. 
A  specific  carbonyl  in  compounds  3  or  6  appears  to  be  desirable  for  intrinsic 
potency;  however,  this  carbonyl  also  appears  to  be  related  to  partial  agonism  at  high 
doses  and  poor  wash-off  characteristics.  Using  a  rigid  scaffolding  structure,  lacking 
carbonyl  units,  it  is  possible  to  design  potent  and  essentially  irreversible  antagonists 
of  the  BK2  receptor. 
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Introduction 

Voltage  dependent  calcium  channels  are  a  diverse  group  of  proteins  that  play  a 
major  role  in  regulation  of  calcium  entry  into  neurons  and  thereby  control  diverse 
cellular  and  physiological  responses  like  membrane  excitability  and  neurotransmitter 
release  [1],  The  most  recently  discovered  calcium  channel  subtype  is  termed  the  P- 
type  channel  [2],  The  only  selective  antagonist  of  the  P-channel  is  a  peptide  toxin 
isolated  from  the  spider  Agelenopsis  aperta  termed  to-Aga  IVa.  [3],  The  native 
peptide  is  48  amino  acids  in  length  and  contains  4  disulfide  bonds.  This  toxin 
represents  an  essential  new  tool  to  study  the  structure  and  function  of  P-channels  per 
se  and  to  understand  the  role  of  P-channels  in  central  neuron  function.  Herein,  we 
report  the  successful  construction  and  biological  activity  of  synthetic  o>-Aga  IVa. 

Results  and  Discussion 

Solid  phase  synthesis  was  performed  on  an  Applied  Biosystems  model  430A 
using  standard  t-BOC  protocol  Version  1.4  for  NMP/HOBt  chemistry.  Mass  spectra 
were  obtained  on  a  Finnegan  TSQ-700  operating  in  the  electrospray  ionization  mode. 
Amino  acid  side  chain  protection  used  was:  p-chlorocarbobenzoxy  for  Lys, 
p-toluenesulfonyl  for  Arg,  2-bromocarbobenzoxy  for  Tyr,  N-benzyloxymethyl  for 
His,  O-benzyl  for  Ser  and  Thr,  O-Cyclohexyl  for  Asp  and  Glu,  formyl  for  Tip,  S-4- 
methylbenzyl  for  Cys,  and  Met  was  protected  as  the  oxide.  The  C-terminal  acid 
peptide  chain  was  assembled  on  t-BOC  Ala  derivatised  PAM  resin  (0.66  g,  0.753 
mmol/g).  Total  yield  of  dried  resin  was  1.9  grams.  The  peptide  was  cleaved  using 
the  "Low-High"  HF  method  of  Tam  [4]  providing  91  mg  of  crude  product  from  250 
mg  of  resin.  RPHPLC  and  ESMS  analysis  showed  the  major  component  to  have  the 
correct  M+  parent  ion  for  the  persulfhydryl  peptide  (5202.8).  Crude  HF  product  (179 
mg)  was  dissolved  in  3  ml  of  6  M  guanidine-HCl,  200  mM  dithiothreitol,  50  mM 
Tris  at  pH  6. 1  and  incubated  at  37°C  for  30  min.  The  reduced  peptide  solution  was 
diluted  into  2  liters  of  folding  buffer  containing  2  mM  glutathione,  2  mM  glutathiol, 
10  mM  methionine,  50  mM  Hepes  at  pH  8.0.  This  solution  was  stirred  at  4°C  for 
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144  hours  (Figure  1).  The  folding  mixture  was  purified  on  a  Polysulfoethyl 
Aspartamide  cation  exchange  HPLC  column  (KHjP04  pH  8.2  mobile  phase  system) 
and  desalted  by  Cl 8  RPHPLC,  affording  946  mg  product,  consistent  by  ESMS, 
AAA,  DTNB,  standard  Edman  degradation  and  co-injection  with  native  authentic 
standard. 


Fig.  1.  HPLC  time  course  for  folding  of  crude  HF  product.  (Waters  pBondapak  C-18,  3.9  x 
300  mm,  column  eluting  22  -  44  %  B  over  45  min;  flow  rate  =  l  ml/min;  A  -  5% 
CH3CN/water  +  0.1%  TFA,  B  =  CH3CN). 

The  P-channel  mediated  currents  are  high  threshold  currents  requiring  large 
depolarizations  from  negative  holding  potentials  to  activate  and  are  maximally 
available  at  -20  to  -10  mV.  High  concentrations  of  co-CgTx  (3  pM)  produced  only  a 
modest  blockade  of  the  current  (21  ±  5%;  n=l  1)  and  nifedipine  (3  pM)  did  not  block 
the  Ca2+  current  elicited  from  a  holding  potential  of  -90  mV  (n=2).  The  P-channel 
current  was  also  sensitive  to  Ca2+,  30  pM  of  which  blocked  87%  (±  8;  n=4)  of  the 
current  elicited  from  a  holding  potential  of  -90m V.  o>-Aga-IVA  (native  or  synthetic) 
produced  a  rapid  and  near  total  blockade  of  the  calcium  current  at  a  concentration  of 
100  nM.  The  IC50  values  for  native  and  synthetic  co-Aga-IVA  in  our  system  were 
33.1  nM  (21.2-51.8;  95%  confidence  interval)  and  35.1  nM  (20.1  -  61.2), 
respectively,  as  determined  by  Hill  plot  analysis. 

The  synthesis  and  refolding  of  co-Aga  TVa  provided  toxin  which  was  chemically 
indistinguishable  from  native  material.  The  ICjo's  obtained  from  native  and  synthetic 
toxin  for  blockade  of  P-channels  in  acutely  dissociated  Purkinje  cell  were  equivalent 
within  experimental  error  (Figure  2).  Synthetic  material  was  also  shown  to  be 
biologically  identical  to  native  toxin  in  other  models  of  P-channel  activation  (e.g., 
synaptic  transmission,  neurotransmitter  release  and  45Ca2+  synaptosomal  uptake. 
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IE-07 
PEPTIDE  (M) 


IE-06 


Fig.  2.  Inhibition  of  Purkinje  cell  Ica. 
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Introduction 

Cationization  of  a  potent  a-melanotropin  analogue  [Nle4,  E-Phe7]a-MSH  by 
incorporating  a  pair  of  dibasic  amino  acid  residues  that  bridge  Glu5  and  Lys11  side 
chains  cause  significant  enhancement  in  its  biological  activity  profile  [1].  The 
electrostatic  accumulation  of  these  peptides  on  the  cell  membrane  was  shown  to 
cause  an  efficient  compartmentalization  of  these  derivatives  in  the  membrane  phase, 
thereby  facilitating  their  interaction  with  the  receptors.  In  the  present  study  this 
designing  concept  was  further  tested  on  another  potent  yet  smaller  melanotropin 
analogue  Ac-Nle-Asp-tts-ij-Phe-Arg-Trp-Lys-NH2  [2]. 

Table  1  Comparative  biological  activities  of  cyclic  bridged  analogues 


Analogue 

Potency  relative  to  a-MSH 

ftog  skin 

Lizard  skin 

1.  Ac-[Nle4.  Asp5,  fc-Phe7.  Lys'^-a-MSH^iQ-NHj 

0.1  (-)" 

10  (+) 

2.  Ac-[Nle4,  Asp^C-^TLys'^-o-MSH^^-NHj 

0.14  (-) 

6.7  (+) 

1 — Arg-Lys — j 

3.  Ac-[Nle4.  Asp3.  D-Phe7,  Lysl0]-a-MSH4.10-NH2 

0.25  (-) 

13.4  (+) 

4.  Ac-(Nk4,  As^,frKie’;rLys10]-a-MSH4.I0-NH2 

0.05  (-) 

10  (+) 

Lys-Lys_ — | 

5.  Ac-[Nle4,  Asp5,  C-Phe7,  LysH-a-MSH^^-NHj 

0.03  (-) 

12.5  (+) 

1 - Arg - 1 

6.  Ac-[Nle4  Asp5.  C-H*7.  Lysl0]HX-MSH4.10-NH2 

0.1  (-) 

1.0  (+) 

7.  Ac-[Nle4  Asp3,  fi-Phe7,  Lys10]-a-MSH4_I0-NH2 

0.1  (-) 

NAb 

"Response  is  prolonged  (+),  or  not  prolonged  (-);  **NA  means  not  assayed. 
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Results  and  Discussion 

Macrocyclic  analogues  of  the  parent  cyclic  lactam  peptide  (1)  containing  dibasic 
amino  acid  residue(s)  bridging  Asp3  and  Lys10  side  chain  functionalities  were 
synthesized  and  evaluated  for  their  biological  activity  on  frog  and  lizard  skins  (Table 
1).  In  genera],  all  the  analogues  2-7,  being  more  potent  on  lizard  skin  than  on  frog 
skin,  behaved  like  parent  analogue  1.  The  activity  profile  on  lizard  skin  was  either 
similar  or  slightly  higher  than  1.  Therefore,  all  these  analogues  are  capable  of 
presenting  their  message  sequence  (-His-D-Phe-Arg-Trp-)  favorably  to  the  receptor. 
This  has  also  been  supported  by  their  conformational  analyses.  As  shown  in  Figure 
1,  geometric  overlap  of  a  low  energy  conformer  of  5  with  that  of  1  exhibited  a  good 
overlap  of  CP  and  C0  carbon  atoms  of  His,  DrPhe,  and  Trp  residues.  Further,  it  was 
interesting  to  observe  that  2  and  6  were  potent  stimulators  of  tyrosinase  in  mouse 
melanoma  cells  (minimal  effective  dose  10I2M)  and  exhibited  activity  up  to  4  days 
after  the  removal  of  analogues  from  the  incubation  medium  on  the  first  day.  These 
results  confirm  our  earlier  report  [1]  that  the  introduction  of  basic  residues  in  a  bio¬ 
compatible  fashion  can  further  modulate  and  enhance  its  biological  activity  profile. 
The  results  suggest  general  applicability  of  this  peptide  design  concept  for  various 
ligands  that  act  at  membrane  bound  receptors. 


(thin  line).  All  hydrogens  are  omitted  for  clarity. 
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Iatrodactfea 

We  previously  reported  a  series  of  reduced  size  hexapeptide  analogues  of 
luteinizing  hormone-releasing  hormone  (LHRH),  which  woe  designed  based  on  the 
(3-9)  fragment  of  the  agonist  [DLeu6,Pro9NHEt]LHRH,  known  as  leuprolide  [1].  In 
that  series,  the  most  potent  antagonist  had  a  pKj  of  9.SS  for  receptor  binding  and  a 
pA2  of  9.28  for  in  vitro  LH  inhibition;  in  the  castrated  rat,  the  compound  was  active 
only  by  infusion  [1].  In  an  attempt  to  increase  both  the  in  vitro  potency  and  the  in 
vivo  duration  of  action  we  selected  the  (2-9)  fragment  of  the  agonist 
[Phe2,DTrp6,Pro9NHEt]LHRH  [2]  as  the  departure  point  for  the  design  of  novel 
heptapeptide  and  octapeptide  reduced  size  LHRH  antagonists. 

All  the  peptides,  except  compound  15,  were  synthesized  using  SPPS  on 
Merrifield  resin.  The  purity  of  die  final  compound  was  based  on  HPLC,  FABMS 
and  AAA.  All  the  compounds  were  tested  in  vitro  for  receptor  binding,  LH 
inhibition  and  histamine  release  [3].  Selected  compounds  wane  tested  in  die  castrated 
rat  for  LH  suppression  [3]. 

Results  and  Discussion 

In  the  LH  release  from  rat  pituitary  cultured  cells  assay  the  nonapepdde 
[Phc2,Trp6,Pro9NHEt]LHRH,  (1),  was  found  to  be  a  potent  agonist  with  a  pD2  of 
10.81  [2].  Elimination  of  residue  pGlu1,  (2),  caused  over  1000-fold  loss  in  activity, 
but  still  maintained  the  agonist  response  (Table  1).  Acylation  of  fragment  2 
increased  the  binding  affinity  by  500-fold  to  9.78  and  converted  the  compound  to 
antagonist  with  a  pA2  of  8.02.  We  have  previously  observed  a  similar  switch  from 
agonist  to  antagonist  response  upon  N-methylation  of  position  2  [2].  Substitutions 
of  compound  3  with  phenylacetyl2  or  4-Cl-pbenylacetyl2  slightly  reduced  the  in  vitro 
activity,  whereas  substitutions  with  4-Cl-phenylpropionyl2  and  4-F-phenyl- 
propionyl2  increased  both  receptor  binding  and  LH  inhibition  by  ova1 10-fold.  Both 
compounds  6  and  7  were  found  inactive  when  tested  for  LH  suppression  in  the 
castrated  rat  following  sc  administration  of  30  pg/kg.  Subsequently,  in  an  attempt  to 
increase  metabolic  stability  we  substituted  DTrp  at  position  3  of  compound  7.  This 
structural  modification  yielded  antagonists  8  and  9  which  had  pKj  greater  than  10.0. 
Peptide  9  showed  for  die  Erst  time  a  modest  suppression  of  LH  in  vivo.  Encouraged 
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by  these  results  we  continued  to  further  stabilize  compound  9  by  substituting 
NMeTyr5  [2].  This  modification  raised  the  pAz  value  to  11.15  and  significantly 
improved  in  vivo  LH  suppression  (data  not  shown).  Further  substitutions  at 
positions  3  and  6  yielded  compounds  11-13,  which  were  active  in  vitro  and  in  vivo, 
however  when  tested  for  histamine  release  (HR)  from  rat  peritoneal  mast  cells  showed 
EDjo  values  <1  pg/ml,  which  were  considered  inadequate.  To  improve  the  safety 
profile  we  substituted  Lys(Isp)8  and  DAla10  in  compoundl3  yielding  antagonist  A- 
76154,  which  in  vitro  and  in  vivo  was  active  in  the  range  of  antide  and  A-75998 
(Table  1;  Figure  1).  The  EDjq  for  HR  of  A-76154  was  10.0  pg/ml,  identical  to  that 
of  A-75998  [3].  These  peptides  represent  the  first  series  of  hepta-  and  octapeptide 
LHRH  antagonists  which  had  activities  in  the  range  of  standard  decapeptide 
antagonists  in  both  in  vitro  and  in  vivo  tests. 

Table  1  In  vitro  rat  receptor  binding  and  LH  release  or  inhibition  of  LHRH  analogs 
Hl-Phe2-Trp3-Ser4-Tyr5-DTrpi-Leu7-Arg8-Pro9NHEt 


Cmpd  Substitution 

PK|' 

PD2* 

pA2» 

1 

pGlu1 

10.61 

10.81 

2 

as  above 

7.08 

7.64 

3 

NAcPhe2 

9.78 

8.02 

4 

Phenylacetyl2 

9.08 

8.28 

5 

4C1-Phenylacetyl2 

9.24 

8.24 

6 

4Cl-Phenylpropionyl2 

10.28 

9.90 

7 

4FPP2 

10.48 

9.23 

8 

9 

4Cl-Phenylpropionyl2,DTrp3 

4FPP2DTrp5 

10.12 

10.54 

9.78 

10.41 

10 

4FPP2,DTrp\NMeTyr5 

10.48 

11.15 

1  1 

4FPP2,DlNal3 

10.59 

11.15 

12 

4FPP2  D1  NaP.NMeTyr5 

10.32 

11.25 

13 

4FPP2,DTrp3jNTMeTyr5,DLys(Nic)6 

10.78 

10.46 

14 

4FPP2,D  1  Nal3,NMeTyr5.DLys(Nic)6JLys(Isp)8 

11.62 

11.43 

15 

4FPP2,DlNal3.NMeTyr3.DLys(Nic)6Lys(Isp)8J)Ala10NH2 

10.69 

11.13 

A-76154 

A-75998b 

10.50 

11.23 

antideb 

10.21 

10.63 

apKj  =  the  negative  logarithm  of  the  equilibrium  dissociation  constant  in  the  rat  pituitary 
receptor  binding  assay.  pDz  =  the  negative  logarithm  of  the  concentration  of  agonist 
that  produces  50%  of  the  maximum  release  of  LH  from  cultured  rat  pituitary  cells  in 
response  to  the  test  compound.  pAz  =  the  negative  logarithm  of  the  concentration  of 
antagonist  that  requires  2-fold  higher  concentration  of  agonist  to  release  LH  from 
pituitary  cells.  4FPP  =  4F-Phenylpropionyl. 
bRef.  3. 

We  were  able  to  reduce  the  size  of  standard  decapeptide  LHRH  antagonists  by 
two  D-amino  acids  and  still  maintain  all  the  in  vitro  and  in  vivo  activities  while 
achieving  an  acceptable  ED  jo  value  for  histamine  release.  A-76154  represents  the 
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first  octapepthfe  LHRH  antagonist  which,  in  the  castrated  rat,  was  as  effective  in 
suppressing  LH  as  the  standard  decapeptide  antagonists.  In  the  intact  rat  A-76154, 
following  infusion  for  two  weeks  of  259.2  (ig/kg/day  dose,  suppressed  testosterone 
to  castrate  level  causing  atrophy  of  reproductive  organs. 


Vehicle 


Time(h) 

Fig.  1.  Suppression  of  LH  in  the  castrated  rat  following  sc  injection  of  30  pg/kg. 
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Introduction 

We  recently  reported  that  azaline  B  [Ac-D2Nal',D4Cpa2,D3Pal3,4Aph5 
(Atz)vD4Aph6(Atz),ILys8,DAla10]GnRH  was  among  the  most  potent  and  long  acting 
antagonists  of  GnRH  with  adequate  solubility  in  aqueous  solutions  at  neutral  pH  [1]. 
In  order  to  further  improve  its  properties,  several  GnRH  antagonists  containing  novel 
amino  acids  at  positions  S  (L-isomers),  6  (D-isomers)  or  8  (L-isomers)  have  been 
synthesized,  characterized  and  tested  in  an  in  vitro  pituitary  cell  culture  assay  and  in 
an  antiovulatory  assay.  The  synthetic  amino  acids  (Figure  1)  are  D-  and  L-3- 
aminopheny lalanine  (3 Aph),  D-  and  L-4-thiomorpholinophenylalanine  (Tmf),  D  and 
L-4-Aminomethyl-  phenylalanine  (4Amf).  L-4-isopropyl-aminomethylphenylalanine 
(4IAmf),  L-4-Isopropyl-amino-phenyl-alanine  (4IAph)  and  N“-methyl-4-amino- 
phenylalanine  (NMe4Aph).  Their  additional  distal  amino  groups  were  protected  either 
by  Fmoc  or  by  Z  except  for  D-  and  L-Tmf  which  have  distal  tertiary  amino  groups. 

Results  and  Discussion 

The  desired  phenylalanine  derivatives  were  synthesized  following  five  synthetic 
routes  and  their  structures  shown  in  Figure  1.  D-  and  L-N°-Boc-N“-Fmoc-3Aph  [2] 
were  prepared  via  condensation  of  3-nitrobenzyl  chloride  with  diethyl 
acetamidomalonate,  followed  by  resolution  with  a-chymotrypsin,  hydrogenation  and 
Fmoc-protection  of  the  co- amino  groups.  D-  and  L-N°-Boc-Tmf  [3]  were  prepared  via 
chloromethylation  and  bromomethylation  of  D-  and  L-N-acetyl-phenylalanine  ethyl 
ester  respectively,  followed  by  amination  (thiomorpholine),  thorough  hydrolysis  and 
Boc-protection  of  a-amino  groups.  D-  and  L-Na-Boc-N4-Fmoc-4Amf  were  prepared 
with  an  improved  method  [4].  The  synthesis  was  started  from  trichloro-  or  trifiuoro- 
acetamidomethylation  of  D-  and  L-phenylalanine,  followed  by  N°-Boc-protection, 
selective  deprotection  of  4-amino  groups  by  20%  sodium  hydroxide  in  a  mixture  of 
methanol  and  water  (v/v,  1:1)  for  0.3  hr  with  subsequent  Fmoc-protection  of  the 
exposed  4-NH2-  L-N°-Boc-N4-Z-4IAmf  and  L-Na-Boc-N4-Z-4LApN  [5]  were  prepared 
via  reductive  isopropylation  of  L-N“-Boc-4Amf  and  L-Na-Boc-4Aph  respectively  and 
Z-protection  of  the  resulting  secondary  amino  groups.  L-Na-Boc-N4-Fmoc- 
NMe4Aph  was  prepared  [6]  via  N°-methylation  of  N-Boc-phenylalanine,  nitration, 
hydrogenation  and  Fmoc-protection  of  the  4-amino  group. 
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XX)H 

Uh 

*NH-Boc 


JH-Fmoc 


(L-3Aph)  (L-4Amf) 


6  Y  Y*- 

(L-Tmf)  (L-4IAph)  (L-4IAmf) 


Fig.  1.  Partial  structure  of  novel  phenylalanine  derivatives. 

Table  1  Biological  characterization  ofGnRH  antagonists  with  novel  amino  acids  at 
position  5,  6  and/or  8 


Ac-D2Nal1-D4Cpa2-D3Pal3-Ser4-Aaa5-Aaa6- 

Leu7-Aaa8-Pro9-DAla10-NH2 


AOAk 


0.23  2.0(1/10),  139  ±8.7 

(0.15-0.36)  2.0(8/20)* 

0.2(0.10.3)  2.0(1/10)  158  ±10 

1.3  (0.8-2. 1)  0.5(7/9),  224  ±23 

1. 0(0/7) 

2.5(0/7) 

1.5  (0.9-2.8)  2.5(0/5)  17 

10(2/2) 

1.6  (1. 0-2.6)  2.5(3/7) 

1.9  10(2/9),  72 

(0.85-2.2)  2.5(0/8) 

10(2/2) 

1.5  (1. 0-2.3)  5.0(0/6) 

2.5(0/5) 


0.5  (0.4-0.7) 


•Relative  to  [Ac-A3Pro1,DFpa2,DTrp3’6]GnRH  =  1.0.  bAOA  =  antiovulatory  assay: 
dosage  in  micrograms/rats  (rat  ovulating/total),  peptides  were  dissolved  in  ca.1% 
DMSO/saline  or  (*)  in  corn  oil.  cEDjo  ±  SEM,  pg/mL.  EDjo  for  [Ac-DNal',DFpa2, 
DTrp3,DArg6)GnRH  (internal  standard)  was  0.17  ±  0.01  |ig/mL.  Peptides  fully  active  at 
10  pg,  2.5  pg  and  1.0  pg  were  only  partially  active  at  5.0  pg.  1.0  pg  or  0.5  pg, 
respectively. 

The  difference  between  peptide  1  and  2  is  the  shortening  of  the  side  chains  at 
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positions  5  and  6  with  no  significant  effect  on  biological  potencies.  Peptide  3  on 
the  other  hand  is  significantly  more  potent  in  the  AOA  and  in  the  castrated  male  rat 
assay  where  it  was  found  to  be  considerably  longer  acting  than  peptide  I  [1].  We 
suggested  that  this  difference  resulted  from  the  presence  of  the  aromatic  ring  which 
shielded  access  to  the  backbone  against  enzymatic  hydrolysis.  Introduction  of  a 
methylene  group  on  the  para  position  of  the  phenyl  ring  (peptide  4)  and  introduction 
of  the  triazolyl  function  on  meta-aminophenylalanines  (peptide  5)  at  positions  5  and 
6  resulted  in  a  significant  lowering  of  potency  in  the  AOA.  Because  ILys  at 
position  8  was  recognized  to  maintain  AOA  potency  while  contributing  to  a  major 
reduction  of  the  histamine  releasing  activity,  we  investigated  the  possibility  to 
substitute  it  by  an  aromatic  containing  amino  acid  such  as  4IAph  cm*  4IAmf  (peptides 
6  and  7).  In  both  cases,  considerable  loss  of  potency  resulted  from  these 
substitutions.  We  also  synthesized  three  analogs  (8-10)  containing  NMe4Aph  in 
position  5  based  on  the  observation  of  Haviv  et  al.  [7]  that  N-methylation  at  position 
5  conferred  increased  solubility.  Analog  (8)  was  more  soluble,  however, 
significantly  less  potent  in  the  AOA  and  furthermore  released  histamine  at  a 
significantly  lower  concentration  than  (3).  Introduction  of  IAph  and  IAmf  at 
position  8  of  the  NMe  substituted  Azaline  B  (9, 10)  also  resulted  in  further  loss  of 
potency.  Another  approach  to  increasing  water  solubility  was  to  increase  basicity  at 
positions  5,  6  and  8  (peptides  11-13)  by  the  introduction  of  one  or  several  Tmf 
residue(s)  which  encompass  a  thiomorpholino  moiety.  Analogs  12  and  13  were 
significantly  less  potent  while  11  was  fiilly  potent  at  2.5  pg  in  the  AOA.  Finally, 
we  investigated  the  possibility  of  increasing  solubility  by  the  introduction  of  a  D-  or 
L-serine  (or  an  Acetyl-D-  or  L-serine)  on  the  4Aph  side  chain  at  positions  5  and  6  of 
Azaline  B  (peptides  14-17).  These  peptides  were  also  less  potent  than  Azaline  B. 
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Introduction 

The  cecropins  are  a  class  of  broad  spectrum  antibacterial  peptides  produced  by 
Hyalophora  cecropia  [1,2],  while  the  bee  venom  toxin,  melittin  resembles  cecropins 
with  a  reversed  polarity  but  with  the  ability  to  lyse  the  red  cells  [3,  4].  Our  interest 
in  the  design  and  synthesis  of  chimeric  peptides  that  are  cecropi n-melitti n  hybrids  is 
mainly  due  to  the  similarities  in  the  structure  of  these  two  peptides  but  differences  in 
their  lytic  properties.  Our  earlier  results  on  15-residue  analogs  with  essentially 
comparable  potency  to  the  larger  size  peptides  has  shown  that  CA(l-7)M(2-9)  was 
the  most  active  [5].  We  presumed  that  the  presence  of  lie8  has  an  important  effect  on 
the  antibacterial  activity  and  studied  the  role  of  lie8  in  the  15-residue  analogs  towards 
five  test  bacteria.  The  antibacterial  activity  is  also  correlated  to  the  formation  of 
voltage  dependent  ion-channels  in  planar  lipid  membranes.  The  mechanism  of  action 
of  these  peptides  appears  to  be  similar  on  bacteria,  red  blood  cells  and  artificial  lipid 
bilayers. 

Results  and  Discussion 

The  primary  sequence  of  the  most  active  peptide  CA(1  -7)M(2-9)  is  considered 
and  seven  hybrid  peptides  were  synthesized  by  a  combination  of  manual  and 
automated  (Applied  Biosystems  320A)  solid  phase  techniques.  Deletion  of  Leu13, 2, 
decreased  activity,  but  addition  of  Thr16, 3,  maintained  good  activity.  The  presence 
of  lie8  appears  to  have  dramatic  effect  on  the  antibacterial  activity,  which  is  shown 
by  the  reduction  of  activity  of  14-residue  analog  4,  obtained  by  the  deletion  of  lie8 
and  was  not  restored  by  lengthening  to  15-residues  by  addition  of  Thr  at  the  C- 
terminus.  The  presence  of  Be8  makes  a  significant  contribution  to  the  bacterial 
activity  and  the  length  of  the  analogs  need  not  be  restored  at  15-residues. 

In  addition  replacement  of  Be8  by  hydrophobic  Leu  residue,  6,  maintained  good 
activity  and  with  Ala8,  analog  7,  was  equally  active  for  four  organisms  but  less 
active  against  Staphylococcus  aureus.  A  hydrophobic  residue  seems  to  be  essential  at 
position  8  to  maintain  the  antibacterial  activity,  which  is  also  confirmed  by  the 
reduced  potency  against  all  five  organisms,  when  hydrophilic  residue  Ser  replaced  ne8 
in  8.  The  requirement  for  the  interaction  of  the  peptide  with  the  bacterial  membrane 
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appears  to  be  an  appropriate  hydrophobic  environment. 

The  conductivity  measurements  on  planar  lipid  bilayers  were  performed,  as  a 
function  of  voltage  gradient  and  composition  of  added  peptide  antibiotic  [6],  which 
demonstrated  the  correlation  of  antibacterial  activity  with  the  voltage  dependent 
channel  formation.  The  14-residue  analog  2  without  any  significant  antibacterial 
activity  does  not  form  channels  even  at  a  higher  concentration,  while  3  possessing 
lie8  interacts  with  the  membrane  and  forms  pores,  which  span  the  membrane.  The 
analog  6  with  the  hydrophobic  Leu  residue  forms  channels,  while  the  presence  of 
hydrophilic  Ser  in  analog  8  does  not  show  the  channel  formation  by  increasing  the 
concentration  ninefold  as  compared  to  6.  These  results  explain  the  involvement  of 
lie8  in  the  interaction  with  the  hydrophobic  lipid  core  of  the  membrane  which 
eventually  produces  a  hollow  conducting  pore  and  spans  the  membrane. 

Table  1  Lethal  and  lysis  concentrations  (flM)for  cecropin-melittin  hybrids 


Peptide 

Size 

D21 

OT  97 

Bs  11 

Sp  1 

Sac  1 

SRC  Lysis 

1)  CA(l-7)M(2-9) 

15 

1.0 

4.0 

0.5 

0.3 

4.0 

>300 

2)  CA(l-7)M(2-8) 

14 

8.6 

7.5 

8.0 

0.5 

14.8 

>280 

3)  CA(  1  -7)M(2- 1 0) 

16 

1.4 

3.7 

2.7 

1.1 

0.87 

>400 

4)  CA(l-7)M(3-9) 

14 

3.9 

14 

10 

0.88 

2.9 

>320 

5)  CA(1-7)M(3-10) 

15 

9.1 

14 

6.3 

1.2 

>200 

>600 

6)  CA(l-7)  L2  M(2-9) 

15 

1.6 

4.5 

7.5 

0.76 

0.88 

>360 

7)  CA(l-7)  A2  M(2-9) 

15 

1.5 

3.5 

5.2 

0.47 

13.5 

>200 

8)  CA(l-7)  S2  M(2-9) 

15 

9.7 

16.2 

28.6 

17.8 

89.2 

>300 

“Lethal  concentrations  calculated  from  inhibition  zones  on  agarose  plates  seeded  with  the 
respective  organisms:  D21:  E.  coli;  OT  97:  P.  aeruginosa;  Bs  11:  B.  subtilis;  Sp  1:  S. 
pyogenes;  Sac  1:  S.  aureus;  SRC:  Sheep  red  cells  lysis. 
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Introduction 

The  baboon,  due  to  its  similarities  with  humans  in  lipoprotein  metabolism, 
represents  a  useful  primate  model  for  the  investigation  of  dyslipoproteinemias 
resulting  in  atherosclerotic  syndromes.  Certain  baboon  families,  when  challenged 
with  a  high  cholesterol-high  saturated  fat  (HCHF)  diet,  display  a  plasma  lipoprotein 
profile  featuring  an  elevated  level  of  a  high  density  lipoprotein  (HDL)  species, 
designated  HDL,  which  is  rich  in  cholesteryl  ester  (CE)  [1],  These  baboons  also 
appear  to  be  protected  against  atherosclerotic  processes.  We  have  determined  that 
impaired  net  CE  transfer  between  this  HDL,  species  and  LDL+VLDL  in  high  HDL, 
baboons  is  due  to  inhibition  of  the  cholesteryl  ester  transfer  protein  (CETP)  by  the 
amino  terminal  4.2  kD  fragment  of  baboon  apolipoprotein  C-I  (apo  C-I)  [2].  A  38 
amino  acid  synthetic  peptide  corresponding  to  this  region  is  also  inhibitory  toward 
CE  transfer  in  an  in  vitro  assay  [2],  In  this  study,  we  have  examined  the  effects  of 
apo  C-I  peptide  length  and  amino  acid  substitution  on  this  inhibition. 

Results  and  Discussion 

The  N  terminal  38  amino  acid  baboon  apo  C-I  sequence  and  its  variants  were 
synthesized  by  SPPS  on  a  polyamide  support  using  tBoc  chemistry  (2).  All  peptides 
gave  satisfactory  values  when  analyzed  by  electrospray  ionization  MS.  The  sequence 
of  the  38-mer  is  APDVSSALDKLKEFGNTLEDKAWEVINRIKQSEFPAKT  and  is 
predicted  to  have  a  high  degree  of  amphipathic  helical  content.  When  added  to  an  in 
vitro  assay  measuring  the  CETP -catalyzed  transfer  of  [3H]  cholesteryl  esters  from 
HDL  to  LDL+VLDL,  CETP  activity  was  maximally  inhibited  (40%  of  total  transfer) 
at  a  peptide  concentration  of  10  nmol/ml.  A  truncated  version  of  this  sequence, 
amino  acids  18-38,  was  only  weakly  inhibitory  (<5%),  as  was  the  plasma-isolated 
full  length  57  A  A  apo  C-I.  A  16  amino  acid  control  peptide  of  sequence 
YEALEKALKEALAKLG  had  no  effect.  The  38-mer  peptide,  when  added  to 
lipoproteins  from  low  HDL,  baboons  (which  have  normal  CETP  activity),  was  also 
able  to  associate  with  apo  A-I  in  the  HDL  to  yield  a  dimer  of  apo  A-I  -  apo  C-I 
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peptide  of  31  kD  (gel  electrophoresis).  This  "modified"  apo  A-I,  when  isolated  from 
baboon  plasma,  was  able  to  inhibit  CETP  activity  at  the  same  concentrations  as  the 
apo  C-I  38-mer,  suggesting  that  the  modified  apo  A-I  was  the  actual  inhibitory 
species  in  vivo.  The  modification  of  apo  A-I  by  the  apo  C-I  38-mer  was  confirmed 
by  immunoblotting  with  antibodies  specific  for  the  apo  C-I  peptide. 

Table  1  Inhibition  of  CETP  by  human-baboon  hybrid  apo  C-I  peptides * 


Peptide 

Predicted 

avgMH 

Found 

%  inhibition  of 
CE  transfer* 

None 

0 

Baboon 

Apo  C-I  1-38 

4276.9 

4277.3 

42 

Human 

Apo  C-I  1-38 

4231.8 

4231.8 

27 

Apo  C-I  R 

4245.9 

4245.3 

36 

Apo  C-I  N 

4258.9 

4259.0 

0 

Apo  C-I  W 

4275.9 

4276.2 

20 

Control 

0 

aAssays  were  also  performed  at  4°  (with  added  CETP)  to  measure  uncatalyzed  transfer  as 
described  [2].  We  have  consistently  found  that  the  maximal  CE  transfer  inhibition 
achievable  with  excess  baboon  apo  C-I  peptide  is  about  40-50%  of  total  transfer  in  1  hr. 


We  were  interested  as  to  whether  the  analogous  region  of  human  apo  C-l  could 
inhibit  CETP  activity,  and  thus  potentially  provide  a  way  to  raise  HDL  levels  in 
plasma.  The  human  apo  C-I  1-38  peptide  and  3  "hybrid"  human-baboon  peptides,  as 
shown  below,  were  synthesized  and  tested  in  the  baboon  CETP  transfer  assay. 

Baboon  C-I  APDVSSALDKLKEFGNTLEDKAWEVINRIKQSEFPAKT 

Human  C-I  T - R-  L-S - -LS—  Nle 

C-I  N - R - Nle 

C-I  R - R— L-S - Nle 

C-I  W  - - - L-S - Nle 

As  seen  in  Table  1,  the  human  apo  C-I  peptide  and  2  of  the  variants  were  able 
to  significantly  inhibit  baboon  CETP  activity,  while  the  C-I  N  sequence  bearing  the 
W— >R  and  T— >Nle  substitutions  was  inactive.  This  suggests  that  the  W— »R  non- 
conserved  substitution  alone  may  abolish  inhibitory  properties,  but  it  cannot  explain 
the  partial  inhibitory  activities  of  the  other  sequences.  Experiments  are  underway  to 
evaluate  these  apo  C-I  peptides  in  CETP  assays  using  human  plasma  lipoproteins 
and  to  determine  the  mechanism  of  CETP  inhibition. 
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Introduction 

The  concept  that  carcinogenesis  can  be  conceived  as  a  distortion  in  signal 
transduction  suggests  a  variety  of  new  strategies  for  the  development  of  novel 
antitumor  drugs.  These  strategies  include  the  use  of  peptide  factors  and  mimetic 
drugs.  We  have  developed  a  series  of  novel  GnRK  and  Somatostatin  analogs  aimed 
for  selective  antitumor  activity. 

It  is  generally  assumed  that  both  in  the  case  of  GnRH  and  Somatostatin, 
different  structural  elements  of  the  peptide  molecule  are  responsible  for  the  wide 
diversity  of  biological  functions,  for  example,  via  the  determination  of  certain 
preferred  conformations.  On  the  other  hand,  in  these  relatively  small  peptides  there 
must  be  substantial  overlapping  between  the  structural  elements  or  residues  being 
responsible  for  the  various  biological  functions.  According  to  this  concept, 
significant  effort  has  been  directed  for  developing  GnRH  and  Somatostatin  analogs 
with  selective  biological  activity,  mostly  from  an  endocrine  point  of  view  since  the 
antitumor  activity  of  these  peptide  hormones  was  considered  to  be  mediated  mostly 
by  their  endocrine  effect.  The  new  concept  of  signal  transduction  modulation  based 
antitumor  drug  development  raised  the  possibility  that  die  antitumor  activity  of  these 
peptides  is  due  to  a  direct  effect  through  the  activation  or  inhibition  of  certain  signal 
transduction  pathways  and  enhancement  of  the  so  called  programmed  cell  death 
(apoptosis),  respectively. 

Results  and  Discussion 

In  our  earlier  work  we  have  developed  a  Gonadotropin  releasing  hormone 
analog,  (Folligen:  D-Phe6,  Gin8,  desGiy10-GnRH-ethylamide)  which  has  antitumor 
activity  on  DMBA  induced  mammary  carcinoma  in  rats  without  blocking  ovarian 
functions.  Folligen  exerts  antitumor  activity  via  a  different  mechanism  of  action 
than  the  known  superactive  mammalian  GnRH  analogs,  which  act  through 
desensitization  and  "hormonal  castration"  [1].  In  in  vitro  experiments  on  the  MDA- 
MB-231  human  breast  cancer  cell  line  Folligen  was  found  to  be  slightly  more  active 
in  inhibiting  cell  proliferation  than  Buserelin  (/D-Ser-(tBu)/6,  desGly'°-GnRH- 
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ethylamide;  Hoechst),  and  significant  differences  were  found  in  the  signal  transduction 
pathways  activated  by  these  analogs.  Both  analogs  inhibited  tyrosine  kinases, 
BusereUn  being  more  active,  while  Folligen  stimulated  phospholipid  turnover  and 
caused  a  larger  shift  in  the  protein  kinase  C  activity  from  the  cytosol  to  the 
membrane. 

A  further  variant  of  Folligen,  /L-jJ-Asp-(a-DEA)/6,  Gln8-GnRH;  Folligen  II, 
has  only  a  very  small  effect  on  LH  release  (less  than  native  GnRH)  in  superfused  rat 
pituitary  cells,  while  it  has  a  strong  antitumor  activity  and  induces  apoptosis  in 
human  breast  and  prostate  tumor  cells.  In  PC3  human  prostate  tumor  cells  10  pg/ml 
peptide  during  a  24  hr  incubation  strongly  inhibited  proliferation,  increased  apoptosis 
and  decreased  mitosis.  The  number  of  apoptotic  cells  increased  more  than  5  times  in  a 
24  hr  incubation  and  it  remained  high  for  72  hr. 

There  has  been  considerable  interest  recently  in  the  antitumor  activity  of  another 
peptide  hormone,  somatostatin,  because  it  should  also  be  considered  as  a  general 
growth  inhibitory  peptide  and  regulator  of  signal  transduction. 

The  wide  diversity  of  biological  effects  of  somatostatin  and  their  physiological 
significance  led  to  defining  an  octapeptide  structure  as  the  main  feature  responsible 
for  the  various  biological  functions.  Analogs  of  this  octapeptide  usually  proved  to 
be  longer-acting  than  the  native  hormone  in  in  vivo  assays  but  only  some 
improvement  was  achieved  in  the  selectivity  of  their  biological  effects.  We  have 
developed  a  series  of  somatostatin  analogs  which  strongly  inhibited  tyrosine  kinase 
activity  and  had  antitumor  activity  both  in  vitro  and  in  vivo  [2],  Some  of  these 
analogs  had  no  effect  on  GH  release,  neither  in  vitro  nor  in  vivo.  One  of  the  analogs 
containing  a  five  residue  ring  structure  (D-Phe-Cys-Tyr-D-Trp-Lys-Cys-Thr-NH2, 
TT-232 )  was  found  to  be  unique,  having  no  GH  release  inhibitory  activity  while  it 
had  strong  tyrosine  kinase  inhibitory  and  antiproliferative  effect.  We  also  have 
demonstrated  that  these  analogs  exert  their  direct  antitumor  activity  via  signal 
transduction  modulation  and  the  induction  of  apoptosis.  The  induction  of  apoptosis 
with  this  analog  was  very  much  dose  dependent,  and  the  effect  became  dramatic  at  20 
pg/ml  dose,  during  a  24  hr  incubation. 
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Introduction 

Recent  studies  concerning  immunorelevant  properties  of  human  pentraxins, 
namely  C-reactive  protein  (hCRP)  and  serum  amyloid  P  component  (hSAP), 
strongly  indicate  that  both  hCRP  and  hSAP  appear  to  interact  with  a  variety  of 
ligands  both  in  vitro  and  in  vivo  and  thus  might  be  involved  in  a  number  of 
defensive  mechanisms  of  the  body  [1,  2, 3].  Particularly,  there  are  numerous  reports 
concerning  hCRP  receptor-mediated  binding  to  and  interaction  with  phagocytic  cells 
[4,  5],  Aggregated  hSAP  (AP)  was  identified  as  a  constituent  in  different 
pathological  amyloid  deposits  [3].  The  plasma  circulating  form  of  hSAP  is  still 
obscure.  The  possibility  that  free  hSAP  molecules  exist  in  plasma  has  been 
questioned  because  of  the  tendency  of  this  protein  to  aggregate  at  calcium 
concentrations  exceeding  1.1  mM  [3].  Studies  on  interactions  of  aggregated  or 
soluble  forms  of  hSAP  with  phagocytic  cells  have  not  been,  as  yet,  reported. 

Results  and  Discussion 

Displacement  experiments  with  125I-labeled  hSAP  (Figure  1,  panel  A)  and 
hCRP  (Figure  1,  panel  B)  show  that  both  proteins  have  specific  high-affinity  binding 
sites  on  normal  human  polymorphonuclear  leukocytes  and  each  can  compete 
efficiently  with  the  binding  of  the  other.  Scatchard  analysis  of  hSAP  homologous 
displacement  curves  reveals  two  populations  of  hSAP  binding  sites  existing  on  the 
PMN  cells  (Figure  1,  panel  C).  Further,  AP  was  found  to  be  degraded  by  enzymes 
from  human  neutrophilic  origin  to  yield  a  mixture  of  low  molecular  weight  peptides 
(LMWP),  similarly  to  the  case  of  CRP  reported  previously  [5].  The  binding  of 
hSAP  can  be  inhibited  by  this  LMWP  mixture  (Figure  1 ,  pajrel  D).  The  sequence  of 
some  of  the  peptides  present  in  this  mixture  was  identifieScf  The  peptide  VIIKPL 
inhibited  superoxide  production,  in  Cytochrome  C  assays,  by  fMLP-stimulated 
human  neutrophils  at  a  concentration  of  SO  nM  (13.8  1  10.4%).  This  peptide 
showed  as  well  concentration-dependent  inhibitory  effect  in  fMLP- induced  Iucigenin 
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enhanced  chemiluminescence  of  leukocytes.  At  the  concentrations  400  and  800  nM 
maximal  values  of  inhibition  (52  and  60%,  respectively)  were  attained.  The  results 
indicate  that  both  hCRP  and  hSAP,  together  with  related  peptides,  may  participate  in 
vivo  in  certain  mechanisms  of  regulation  of  human  neutrophils. 


Fig.  I.  Displacement  experiments  with  ,2Sl-labeled  human  pentraxins.  Panel  A,  B  - 
Displacement  of  ,25l-hSAP  ( Panel  A)  and  ,2,l-hCRP  (Panel  B)  by  unlabeled  hSAP  and 
hCRP,  in  PBS  containing  1  mM  calcium  and  0.2  w.%  BSA.  In  both  cases,  maximal 
inhibition  of  protein  total  binding  by  the  same  unlabeled  protein  is  taken  as  100 % 
inhibition.  Panel  C  •  Scatchard  plot  of  ,25l-hSAP  displacement  by  unlabeled  hSAP. 
Receptor  1:  Kj  =  4.0  x  10~8,  30,000  sites  per  cell;  receptor  2:  Kj  -  7.5  x  10r7,  270,000 
sites  per  cell  ( mean  of  5  experiments).  Panel  D  -  Displacement  of  ,25l-hSAP  by  the 
proteolytic  mixture  generated  from  hSAP  by  neutrophil  membrane  protease  at  pH  7.4. 
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Introduction 

A  replacement  of  the  amide  bond  by  surrogates  is  a  very  useful  tool  in  the 
designing  of  new  analogues  of  peptides  [1].  These  modifications  cause 
conformational  changes  with  interesting  biological  consequences,  for  example, 
increased  activity  and  improved  selectivity  of  action. 

In  this  paper,  we  present  preliminary  results  of  conformational  studies  by 
fluorescence  energy  transfer  and  by  molecular  mechanics  on  the  analogues  of  leucine- 
enkephalin:  Tyr-Gly-Gly-Phe-Leu-NHj  (I),  Tyr-Gly-Gly-Phe(N02)-Leu-NH2  (II), 
Tyr-Gly-Sar-PhefNO^-Leu-NHj  (HD,  Tyr-Gly^  [CH2CH2]Gly-Phc(N02)-Leu-NH2 
(IV)  and  Tyr-GlyvF[CH=CH]Gly-PSe(N02)-Leu-NH2  (V). 

Results  and  Discussion 

All  peptides  were  prepared  by  solution  phase  methodologies.  The  final  products 
were  purified  and  examined  on  RP-HPLC  and  characterized  by  amino  acid  analysis 
and  FD-MS.  The  fluorescence  spectra  were  obtained  using  a  Perkin  Elmer  LS-50 
spectrofluorimeter.  The  theoretical  calculations  were  carried  out  using  MMX  force- 
field  as  implemented  within  commercial  PCModel  program  [2], 


Table  1  Fluorescence  and  theoretical  parameters  for  the  series  af  enkephalin  analogues 


U 

IV 

V 

Q.Y.  xlO3 

3.38 

4.91 

2.95 

2.23 

&r 

0.913 

0.874 

0.924 

0.948 

10.4±0.2 

U.15±0.2 

10.14±0.2 

9.6510.3 

rDA[A]b 

12.07 

13.02 

10.92 

10.16 

Q.Y.  -  fluorescence  quantum  yield 

Ej  -  energy  transfer  efficiency 

rDA  -  average  distance  between  donor  and  acceptor 

*  -  calculated  from  fluorescence  measurements 

b  -  calculated  from  molecular  mechanics  data 
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The  quantum  yield  of  tyrosine  in  leucine -enkephalin  analogue  (I)  Q.Y.  =  0.039,  is  in 
a  good  agreement  with  the  results  obtained  previously  [3].  The  replacement  of  Phe4 
by  Phe(NOz)  causes  an  additional  strong  tyrosine  fluorescence  quenching  in  the 
analogues  (II)-(V);  quantum  yield  of  tyrosine  is  about  10  times  lower  for  these 
analogues  in  comparison  with  the  analogue  (I)  (Table  1  and  Figure  1). 


Wavelength  [nm] 

Fig.  I.  Emission  spectra  of  the  enkephalin  analogues. 


We  calculated  also  an  average  distance  between  chromophores  (tyrosine  and 
modified  phenylalanine)  in  the  analogues  (Q)-(V).  For  the  analogue  (II),  without 
peptide  bond  modification,  the  average  distance  (10.4±0.2A)  is  very  similar  to  the 
values  known  from  literature  [3].  We  did  not  observe  very  significant  differences  in 
an  average  distance  between  chromophores  in  the  analogues  containing  the  surrogates 
(Table  1).  However,  we  found  an  increase  of  the  average  distance  for  the  analogue 
(III).  This  suggests  a  more  extended  conformation  for  the  analogue  (III)  than  for  the 
parent  compound  (II).  On  the  other  hand,  we  observed  a  decrease  of  the  average 
distance  between  the  chromophores  for  the  analogues  (TV)  and  (V)  (Table  1).  The 
same  order  of  changes  of  the  average  distances  were  obtained  from  molecular 
mechanics  calculations  (Table  1).  These  results  do  not  demonstrate  very  significant 
influence  of  surrogate  between  Gly2  and  Gly3  residues  for  an  average  conformation  of 
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enkephalin.  Comparison  of  these  conformational  changes  with  biological  activity 
are  in  process. 
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Introduction 

We  developed  GRP  antagonists  using  their  ability  to  inhibit  3H-Thymidine 
incorporation  into  quiescent  Swiss  3T3  cells.  Our  analog  design  started  with  a 
reduced  bond  antagonist  derived  from  the  sequence  of  BN  as  developed  by  Coy  et  al. 
[1].  An  octapeptide  GRP  analog  having  a  C-terminal  EPro'P(CH2NH)Phe-NH2  was 
a  potent  GRP  antagonist  and  used  as  our  lead  structure  (1). 

Results  and  Discussion 

In  the  original  report  by  Coy  et  al.  on  GRP  antagonists,  both  'P910-BN  and 
VPI3  U-BN  were  reported  to  have  some  antagonistic  properties  [1].  Therefore,  we 
made  2  with  'F910  and  'F13-14  together,  but  we  lose  activity.  The  Statine  analog  3 
is  almost  as  potent  as  our  lead,  1.  When  we  introduced  a  “DPro-statine”  (4),  the 
activity  drops  somewhat.  It  is  interesting  to  note  that  the  stereochemistry  of  the 
hydroxyl  group  in  the  “Pro-statine”  series  (4,5)  does  seem  to  make  a  difference  in 
binding  activity.  Replacement  of  Trp  and  His  (4,7)  with  sulfur  isos  teres  does  retain 
some  activity.  Replacing  Trp  with  BzthAla  leads  to  a  slightly  active  analog  in  the 
mitogenic  assay  (6);  there  is,  however,  an  unexplained  1000-fold  increase  in  the  3T3 
membrane  assay.  Replacing  histidine  with  ThiAla  leads  to  a  slightly  less  active 
compound  (7);  here  the  values  of  both  assays  match,  as  expected.  In  compounds  8 
through  11,  we  intended  to  investigate  the  influence  of  optically  active  aromatic 
acids  at  the  N-terminal.  Although  there  is  some  difference  in  the  mitogenic  assay, 
the  3T3  membrane  assay  shows  no  clear  preference  between  the  R  and  S  isomers. 
We  observed  very  little,  if  any,  change  in  activity  among  the  ortho-,  meta-,  and  para- 
substituted  aromatic  rings  of  12-17,  however,  there  is  a  clear  preference  for  an 
aromatic  propionic  acid  residue  versus  an  aromatic  acetic  acid  residue. 

Compounds  22  and  23,  utilizing  different  aliphatic  rings  to  fuse  the  position 
of  the  aromatic  ring  of  1,  exhibit  a  10-fold  increase  in  3T3  membrane  binding 
affinity.  There  was  a  small  change  in  mitogenic  activity  for  these  analogs. 

Compound  24  is  the  first  of  a  series  to  explore  variations  at  the  C-terminal 
aromatic  amino  acid. 
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Table  1  GRP  Antagonists 


.Cl 


CH2CH2(CO)HisTrpAlaValDAlaHisI2Pro'iThe-NH2 

1.0x1  O'9  l.OxlO"'7  2.2x10" 10 


2@- 

,Cl 

4  Cl 


CH2CH2(CO)HisTrpAlaYVali2AlaHisIFrovl/Pbe-NH2 

4.7x10-®  nt  >  l.OxlO*6 


CH2CH2(CO)HisTrpAlaValJ2AlaHisStaPhe-NH2 


6.0x1 0‘9  l.OxlO"10  7.3xlO"9 


CH2CH2(CO)HisTrpAlaValI2AlaHis[E 


5Cl, 
.Cl( 
t  Cl, 


CH^H^COlHisTrpAlaValllAlaHis 


U2— N^*CMi 
na 

— N^*CH(01 


H(OH)CH2(CO)]Phe-NH2 
na  6.0x10-®  1.4xl0'7 


CH(OH)CH2<CX3)Phc-NH2 
2.6x10’®  5.0x10-®  3.1x10-® 


CH2CH2(CO)His(BzthAla)AlaValCAlaHisDPro'n5he-NH2 

4.3x1  O'7  nt  7.5x10-'° 


CH2CH2(COXThiAla)TrpAlaValCAlaHisI2Pro‘mc-NH2 

5.0x10-®  l.OxlO9  5.6x1 0"9 


.a, 


8  (R)-v^“CH(CH3X:H2(CX))HisTrpAlaValCAlaHis|2ProYPhe-NH2 

1.7x10-®  nt  4.9x10-'° 


Cl< 


9  (S)-'s^“CH(CH3)CH2(CO)HisTrpAlaVa!EAlaHisDPro,mc-NH2 

1.6x10-'°  l.OxlO-9  2.1x10-'° 


10  (R,-)-^0— ( 

11  (S,+)-0“ 


CH(CH3KCX))HisTrpAlaVaH2AlaHi*DPro'mie-NH2 

9.0x10-'°  3.0x10-’  9.5x10  '° 


CH(CH3XCO)HisTrpAlaValI2AlaHisEPro'mie-NH2 

7.0xl0‘9  1.0x10-’  1.3x10-’ 


"•“Cl, 


CH2CH2(CX))HisTrpAlaValDAlaHisDPro,PPbe-NH2 

3.0x10-'°  1.0x10*’  4.7x10-'° 


13  FSC  CH2CH2(CO)Hi»TrpAIaValOAIaHisI2Pro,fPhe-NH2 

3.5x10-'°  1.0x10-’  1.6x10-'° 
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Table  1  continued 


14 


15 


14 


17 


19 


o 


CF 


■CH2(CO)HisTrpAlaValDAlaHisDPro'me-NH2 

3.3xlO'7  nt  1.2xl0'8 


FSC  O- 

FjC0-, 

Cl 


CH2(C»)HisTrpAlaValI2AlaHisDProyPhe-NH2 

2.6x1  O'7  nt  8.4xl(T9 

CH2(CO)HisTipAlaValEAlaHisfiPro,FPhe-NH2 

2.0x1  O'7  nt  3.7xl(T9 


CH2(CO)HisTrpAlaValEAlaHisEPro'm»e-NH2 

1.3x1  O'8  l.OxlO'10  2.0xl0-9 


18  C(CH3)2CH2(CO)HisTrpAlaValI2AkHisDlPtoWhe-NH2 

1.8xlO'8  l.OxlO*8  1.2xlO"9 

(fV’N 

^V^*~(CO)HisTrpAIaValCAlaHisDProSThe-NH2 

4.0x1  O'9  nt  5.7xlOr10 


20  Q2~ 


CH(NH2)CH2(CX))HisTrpAlaValDAlaHisDPro‘mie-NH2 


4.5xI0*8  nt  7.7 xW9 


21 


22 


23 


CW7S — CH2(CX))HisTrpAlaValCAlaHisIJPro,PPhe-NH2 

2.9x1  O'8  nt  1.9xl0"9 


ca 


(CO)HisTrpAlaVaH2AlaHisCPro,m)e-NH2 

4.0x1  O’9  3.0xl0-l°  7.9x10" 


O-. 


(CO)HisTrpAlaValEAlaHisEProWhe-NH2 

2.0x1  O'9  3.0x10'"  4.9x10-" 


24  'N^“CH2CH2(CX))HisTrpAlaValEAlaHijCPro'Pa22Nal>NH2 

4.0x10'*  5.0xl0'9  2.0x1  O'9 

'Mitogenic  antagonism  (M);  bS3T3  cells  binding  (M);  CS3T3  membrane  binding  (M) 
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Introduction 

The  pharmacology  of  bradykinin  (BK)  receptors  has  been  characterized 
extensively  in  binding  studies  by  using  [2,3-prolyl-3,4-3H(N)]BK  (3H-BK)  [1,  2]  as 
well  as  I25I-(I-Tyr°]BK  [3]  or  125I-[I-Tyi*]BK  [4].  However,  for  several  tissues  there 
are  contradictory  results  postulating  either  a  single  BK  binding  site  [4]  or  two 
binding  sites,  one  with  picomolar  and  one  with  nanomolar  affinity  constants  [1,2], 
respectively.  The  comparison  among  these  studies  is  relatively  difficult  because  of 
the  variations  between  the  experimental  conditions  and  because  of  the  lack  of 
selective,  high-affinity,  radiolabeled  ligands  which  might  discriminate  between  the 
described  multiple  binding  site.  Here,  we  report  the  synthesis  of  l23I-[p-I-Phe5]BK 
(125I-BK),  an  analogue  with  higher  specific  radioactivity  and  higher  selectivity 
towards  the  high-affinity  site  compared  to  3H-BK.  We  have  characterized  the  BK 
binding  sites  from  the  guinea  pig  ileum  smooth  muscle  membranes  with  this  new 
radioligand  and  the  corresponding  non-radioactive  precursor.  We  have  further 
compared  the  binding  properties  of  125I-BK  with  those  of  3H-BK  on  the  same  tissue. 

Results  and  Discussion 

In  order  to  obtain  a  labeled  BK  with  higher  specific  activity  than  3H-BK,  we 
have  prepared  iodinated  BK  by  the  direct  introduction  of  ,2SI  into  die  para  position  of 
Phe5  of  the  BK  molecule.  A  control  synthesis  with  p-I-Phe  in  the  respective 
position  was  prepared.  After  solid-phase  peptide  synthesis  with  the  BOC-TFA-HF 
strategy  and  cleavage  of  the  peptide-resin  ester,  the  crude  peptides  were  purified  by  gel 
filtration,  followed  by  reversed-phase  (CI8)  chromatography.  Correct  peptide  structure 
was  confirmed  by  FAB-MS  and  the  purity  by  HPLC  and  TLC.  The  p-N02-Phe 
containing  peptide  was  modified  by  catalytic  hydrogenation,  followed  by  diazotation 
and  incubation  in  the  presence  of  fresUy  precipitated  nascent  Cu  together  with  1  mCi 
of  Na,25I  (12  h  at  4°C).  After  reversed-phase  HPLC  purification  of  the  buffered 
reaction  mixture,  the  radioactive  peak  was  collected  and  an  aliquot  was  co-eluted  with 
the  non-radioactive  peptide.  A  perfect  co-elution  of  12SI-BK  and  I-BK  was  obtained  in 
two  different  solvent  systems  (0.05%  TFA  and  0.01%  HC1).  The  specific 
radioactivity  was  estimated  using  displacement  curves  with  unlabeled  I-BK  on  guinea 
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pig  ileum  membranes  and  varied  between  1000  and  1500  Ci/mmol. 

Table  1  Binding  parameters  of  the  radioligands  n5I-BK  and  3H-BK  as  well  as  of  the 
unlabeled  precursor  l-BK  in  guinea  pig  ileum  membranes 


Parameter® 

125I-BK 

3H-BK 

KD(pM) 

Kh  =  3;  Kl  =  192 

Kh  =  24;  Kl  =  200 

BmK 

(fmol/mg  protein) 

Bh  =  22;  Bl  =  245 

Bh  =  75;  Bl  =  265 

ICjQ-values  (pM) 

BK 

Kh  =  17;  Kl  =  375 

Kh  =  10;  1^  =  2200 

I-BK 

Kh  =  0.3;  Kl=1100 

Kh  =  5;  Kl  =  3100 

aH  and  L  denote  the  high  and  the  low  affinity  site,  respectively.  KD  and  Bmaj  wei ; 
calculated  using  the  LIGAND  program.  All  results  are  the  means  of  three  independent 
experiments  in  duplicate  determinations.  The  inter-assay  variability  was  less  than  10%. 


As  shown  in  Table  1,  the  new  tracer  displayed  enhanced  affinity  and  selectivity 
for  the  low  picomolar,  high  affinity  binding  site  (KH)  compared  with  3H-BK.  The 
use  of  i25I-BK  as  probe  for  BK  receptors  has  enabled  us  to  confirm  the  existence  of 
two  separate  BK  binding  sites  in  guin,.  "  pig  ileum  smooth  muscle  membranes  and 
will  permit  a  better  characterization  of  putative  BK  receptor  subtypes. 
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Introduction 

Intimal  migration  of  peripheral  blood  monocytes  (PBM)  is  an  early  event  in 
atherogenesis.  PBM  may  contribute  to  the  alterations  in  vascular  responsiveness 
observed  in  atherosclerotic  vessels  by  secretion  of  potent  vasoactive  mediators  such 
as  thromboxane  (TxAj).  Since  macrophages  (Mo)  release  increased  levels  of  TxA2 
following  stimulation  with  the  vasoconstrictor  peptide  endothelin-1  (ET-1)  [1],  we 
examined  the  ability  of  PBM  to  alter  vascular  contractile  responses  to  ET-1 . 

Results  and  Discussion 

The  contractile  potency  of  endothelin-1  (ET-1)  was  assessed  by  addition  of  ET-1 
in  1/4-log  increments  to  organ  baths  containing  strips  of  guinea  pig  carotid  artery  in 
the  presence  and  absence  of  PBM.  The  contractile  potency  of  ET-1,  EC^  =  2.28  ± 
0.21  nM,  was  increased  markedly,  in  the  presence  of  PBM,  EC^  =  0.46  ±  0.06  nM 
(Figure  1 ).  Addition  of  PBM  alone  did  not  induce  contraction.  M0  have  been  reported 
to  synthesize  ET-1  [2],  Therefore,  we  examined  the  supernatant  of  ET-1  stimulated 
PBM  for  a  vasoactive,  transferable  factor.  Addition  of  supernatant  from  stimulated 
PBM  did  not  result  in  contraction  greater  than  that  attributable  to  the  stimulating 
dose  of  ET-1  alone  (Figure  2).  Thus,  release  of  a  transferable  factor,  such  as  ET-1, 
could  not  account  for  the  increase  in  ET-1  potency.  Treatment  of  strips  and  PBM 
with  dazoxiben  (TxA2  synthetase  inhibitor)  or  SQ  29,548  (TxA2  receptor  antagonist) 
did  not  diminish  the  effect  of  PBM  on  ET-1  potency,  suggesting  that  the  effect  is 
independent  of  TxA^  production. 

PBM  increased  the  vascular  contractile  potency  of  ET-1  via  a  TxAj  independent 
mechanism.  Although  additional  work  is  required  to  elucidate  the  actual  mechanism 
by  which  ET-1  potency  is  altered,  these  data  suggest  that  accumulation  of  monocytic 
cells  at  sites  of  inflammation  may  potentiate  the  vasoconstrictor  effects  of  ET-1 . 
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ET-1  PBM  PBM 
(300  pM)  Supernatant  Pellet 
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ET-1 

(300  pM) 


Fig.  2.  A  transferable  vasoactive  factor  is  not  produced  by  ET-1  stimulated  PBM. 
Addition  of  stimulated  PBM  to  the  vascular  strips  resulted  in  a  300  pM  ET-1  concentration 
in  the  organ  bath.  PBM  +  ET-1  represents  ET-1 -stimulated  PBM  that  have  not  been 
separated  into  supernatant  and  pellet  fractions. 
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Introduction 

Amphibian  skin  is  rich  in  antimicrobial  molecules,  particularly  of  the 
amphipathic  alpha  helical  class.  At  least  fifteen  different  antimicrobial  peptides  have 
been  isolated  from  Xenopus  laevis  and  Bombina  sp.  skin  [)].  These  molecules  are 
produced  and  stored  in  specialized  dermal  structures  called  granular  glands  which 
release  their  contents  onto  the  external  surface  of  the  hog  upon  adrenergic  stimulation 
or  injury  [1],  Besides  Xenopus  and  Bombina,  antimicrobial  activity  has  been 
observed  in  skin  from  frogs  of  the  genus  Rana  [2].  Our  objective  in  this  study  is  to 
characterize  the  antimicrobial  activity  observed  in  skin  of  the  American  bullfrog, 
Rana  catesbeiana. 

Results  and  Discussion 

Whole,  metamorphic  Rana  catesbeiana  tadpole  extracts  w ere  size  fractionated  on 
a  P-30  gel  filtration  column  and  further  separated  by  reverse-phase  HPLC.  Only 
fractions  from  one  isolated  peak  displayed  significant  antimicrobial  activity.  These 
fractions  contained  a  single  peptide,  as  determined  by  capillary  electrophoresis,  amino 
acid  analysis  and  protein  sequence  analysis.  The  amino  acid  sequence  of  the  isolated 
peptide  is  shown  in  Figure  1 . 


Fig.  1.  The  amino  acid  sequence  of  ranalexin. 
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Because  of  the  identification  of  two  cysteine  residues  in  the  peptide,  it  was 
necessary  to  determine  if  they  woe  disulfide  bonded.  Using  a  combination  of  FAB 
mass  spectrometry  and  trypsin  digestion,  the  presence  of  a  single  intramolecular 
disulfide  bond  was  confirmed.  The  expected  molecular  mass  of  ranalexin  with  a 
single  intramolecular  disulfide  bond  matched  the  mass  measured  by  FAB  mass 
spectrometry  (2103  Da)  (Figure  1).  Trypsin  digestion  resulted  in  two  major 
fragments  (748  and  1375  Da).  This  is  consistent  with  a  single  cleavage  at  Lys-7, 
apparently  there  is  no  cleavage  at  the  Lys  residues  in  the  disulfide  loop.  To  fimher 
establish  that  the  observed  mass  spectrometry  results  were  due,  in  part,  to  a  disulfide 
bond,  ranalexin  was  reduced  and  then  subjected  to  trypsin  digestion.  It  was  found  that 
this  reduction  reduced  the  mass  of  the  larger  tryptic  peptide  from  1375  Da  to  1 146  Da 
due  to  the  loss  of  Cys-20  and  Lys- 19,  indicating  that  once  the  disulfide  loop  is 
reduced  tryptic  cleavage  can  occur  at  Lys-19  and  Lys-18. 

To  determine  the  antimicrobial  spectrum  of  this  novel  peptide  and  its  analogs, 
minimal  inhibitory  concentrations  were  determined  on  gram  positive  and  gram 
negative  bacteria.  As  shown  in  Table  1,  synthetic  ranalexin  displayed  antimicrobial 
activity  against  the  gram  positive  bacterium  Staphylococcus  aureus  as  well  as  the 
gram  negative  bacteria  Escherichia  coli  and  Pseudomonas  aeruginosa.  Analogs  of 
ranalexin  with  amino  acid  deletions  were  synthesized  to  determine  which  structural 
features  were  important  for  antimicrobial  activity.  It  was  found  that  truncation  of 
ranalexin  by  deletion  of  one  to  four  amino  terminal  amino  acids  eliminated 
antimicrobial  activity  (analogs  Del  1,  Del  1-2,  Del  1-3,  and  Del  1-4  in  Table  1). 
Deletion  of  the  carboxy  terminal  cysteine  also  impaired  antibiotic  activity  (analog 
Del-20  in  Table  1). 

Table  1  Minimal  inhibitory  concentrations  of  synthetic  ranalexin  and  several  analogs 


Minimal 

Concenti 

ation  (ug/ml) 

Peptide  Sequence 

Analog 

S . 

aureus 

E.  coli 

P. 

aeruginosa 

FUX3LIKJVPAMICAVTKKC 

Ranalexin 

4 

32 

128 

LIKIYPAMICAVTKKC 

Del  1-4 

256 

256 

256 

GLIKTVPAMICAVTKKC 

Del  1-3 

>256 

>256 

>256 

GGLIKIVPAMICAVTKKC 

Del  1-2 

256 

>256 

>256 

LGGLDQ  VPAMK2A VTKKC 

Dell 

256 

256 

>256 

FLGGUKIVPAM1CAVTKK 

Del  20 

128 

256 

128 

While  the  primary  amino  acid  sequence  of  ranalexin  is  unique,  it  does  share 
remarkable  structural  similarity  with  the  polymyxins,  a  class  of  membrane-active 
antibiotics  which  were  first  isolated  from  the  bacterium  Bacillus  polymyxa  in  1947. 
The  polymyxins  are  amphipathic  molecules  consisting  of  a  decapeptide  with  a 
hydrophobic  fatty  acid  attached  to  its  amino  terminus  (Figure  2).  Seven  of  the  ten 
amino  acids  are  configured  into  a  cationic  ring  structure  through  a  covalent  bond. 
Ranalexin  is  similar  in  that  it  contains  a  cationic  heptapeptide  ring  and  an  amino 
terminus  composed  of  six  hydrophobic  amino  acids  in  place  of  a  fatty  acid.  The 
length  of  the  fatty  acid  in  polymyxin  is  similar  to  that  of  the  six  amino  terminal 
amino  acids  of  ranalexin  configured  in  an  alpha  helix.  Comparison  of  the 
heptapeptide  ring  of  ranalexin  and  polymyxin  reveals  conserved  residues. 
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Specifically,  Thr-17,  Lys-18  and  Lys-19  of  ranalexin  occupy  identical  positions 
within  the  heptapeptide  ring  as  Thr-7,  Dab-8  ami  Dab-9  in  polymyxin  D  (Figure  2). 
These  similarities  suggest  that  ran  alexin  and  the  polymyxins  may  share  a  common 
mechanism  of  antimicrobial  action. 


Fig.  2.  Structural  and  primary  sequence  comparison  of  ranalexin  and  polymyxin  D. 


We  have  isolated  a  novel  antimicrobial  peptide  from  the  American  bullfrog  R. 
catesbeiana,  which  is  responsible  for  antimicrobial  activity  observed  in  its  skin.  The 
presence  of  an  intramolecular  disulfide  bond  distinguishes  it  from  previously  isolated 
amphibian  antimicrobial  molecules.  The  structural  similarity  of  ranalexin  to  the 
membrane-active  antibiotic  polymyxin  suggests  that  it  has  a  similar  mechanism  of 
action. 
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Introduction 

N-Benzylglycine  (Bzl-Gly)  is  an  achiral  structural  isomer  of  phenylalanine  that 
is  useful  as  an  amino  acid  replacement  in  SAR  studies.  The  first  incorporation  of 
this  secondary  aromatic  amino  acid  into  a  biologically  active  peptide  was  reported  by 
us  using  bradykinin  (BK:  Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg).  [Bzl-Cly7]-BK 
was  prepared  and  shown  to  be  a  potent  BK-agonist  [1],  The  synthesis  and  bioassay 
of  more  potent  BK-agonists,  reported  here,  allowed  the  design  of  the  first  BK- 
antagonists  containing  Bzl-Gly  [2].  Our  concept  of  substituting  a  single  naturally 
occurring  amino  acid  with  its  achiral  structural  isomer  (Figure  1)  has  recently  been 
used  by  others  to  replace  all  of  the  naturally  occurring  amino  acids  (proline  excepted) 
with  N-alkyl  glycine  derivatives  for  the  preparation  of  N-substituted  glycine 
oligomers  or  "peptoids"  (3, 4]. 

Results  and  Discussion 

The  [Bzl-Gly]-BK  analogs  (Table  1)  were  synthesized  by  SPPS  using  a  Boc- 
benzyl  strategy  on  PAM  resins  as  described  earlier  [1],  The  peptides  were  purified  by 
HPLC  to  homogeneity  and  gave  the  expected  AAA.  FABMS  verified  die  expected 
molecular  masses.  Bioassays  show  very  low  activity  for  peptides  5  and  7  (Table  1) 
in  isolated  smooth  muscle  but  showed  striking  depressor  activity  in  the  rat  following 
IV  administration.  Peptide  6  possesses  50%  BK  depressor  potency  with  the  blood 
pressure  response  reaching  a  maximum  in  1 .5-2  min  (BK,  30  seconds)  and  a  recovery 
to  normal  requiring  10  min  (BK,  1  min).  The  slow  response  behavior  is  similar  to 
Hurt  reported  for  cyclic  BK  (5). 

Vavrek  and  Stewart  [6]  have  shown  that  potent  BK-agonists  can  be  converted  to 
BK-antagonists  by  replacement  of  Pro  with  D-Phe  in  position  7.  [Bzl-Gly^-BK, 
[Bzl-Gly*]-BK  and  (Bzl-Gly^-BK  were  modified  by  insertion  of  D-Phe  at  position  7 
to  give  peptides  8, 9,  and  10  (Table  1).  Peptide  9  showed  weak  antagonist  activity 
in  the  rat  uterus  bioassay.  Peptide  10  showed  no  agonist  or  antagonist  effects  in  the 
standard  blood  pressure  bioassay  (bolus  injection  of  BK+10)  but  there  was  a  very 
slow  recovery  to  the  usual  response  to  BK  after  several  administrations  of 
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peptide  10.  The  bioassay  was  modified  by  infusion  of  peptide  10  at  various  rates  (1 , 
2,  and  5  mg/min)  followed  by  frequent  challenges  with  standard  doses  of  BK.  This 
assay  showed  the  peptide  to  be  an  antagonist  of  moderate  potency  with  a  long  lag  to 
onset  of  action  and  a  long  time  to  complete  recovery  [2].  These  results  highlight  the 
utility  of  achiral  structural  isomers  of  naturally  occurring  amino  acids  in  peptide 
SAR  studies. 


O  CH,  H 


Phenylalanyl  residue  N-Benzylglycyl  residue 


Fig.  I.  Schematic  comparison  of  peptides  containing  phenylalanine  and  N-benzylglycine 
(Bzl-Gly). 
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Introduction 

The  a-factor  (WHWLQLKPGQPMY)  from  Saccharomyces  cerevisiae  is  an 
important  model  compound  for  understanding  cell-cell  signaling  in  eukaryotes. 
Previous  studies  indicated  the  existence  of  a  Type  II  (i-turn  spanning  residues  7 
through  10,  and  suggested  that  a  folded  conformation  might  be  involved  in  the 
biological  activity  of  the  pheromone  [1],  To  test  this  hypothesis  we  prepared  a  series 
of  cyclic  analogs  of  a-factor  containing  side  chain  lactam  constraints  with  variable 
ring  size.  We  describe  here  the  synthesis  and  biological  activities  of  8  cyclic  analogs 
and  a  structural  analysis  of  corresponding  model  tetrapeptides  using  'H  NMR,  CD 
and  a  Monte  Carlo  minimum  energy  conformational  search. 

Results  and  Discussion 

The  chemical  structures  of  the  cyclic  lactam  analogs  of  a-factor  are  shown  in 
Figure  1.  The  peptides  were  synthesized  by  SPPS  using  orthogonal  Boc,  Fmoc  and 
Ofm  protecting  groups.  On  resin  cyclization  was  performed  using  the  BOP  reagent  to 
generate  the  lactam  rings.  Corresponding  linear  peptides  with  free  ©  amino  and  P  or 
y  carboxyl  groups  were  also  synthesized  as  controls.  All  peptides  were  purified  to 
near  homogeneity  (>99%)  and  were  characterized  by  FABMS,  amino  acid  analysis, 

Trp-His-Trp-Leu-Gln-Leu-NHCHCO-Pro-GIy-NHCHCO-Pro-Nle-Tyr 

I  I 


(CH2)m 

1 

(CH2)n 

1 

NH 

c  o 

IC(42): 

m  =  4;  n  =  2 

IIC41:  m  =  4,  n 

IC32: 

m  =  3;  n  =  2 

IIC31:  m  =  3;  n 

IC22: 

m  =  2;  n  =  2 

IIC21:  m  =  2;  n 

IC12: 

m  =  1;  n  =  2 

IIC11:  m  =  1;  n 

This  is  a  D- residue 

Fig.  I.  Structure  of  the  cyclic  lactam  analogs  of  a-factor. 
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TLC  and  reversed-phase  HPLC.  The  overall  yields  of  the  purified  analogs  were  5- 
20%.  Model  compounds  mimicking  the  central  portion  of  the  cyclic  lactam  analogs 
were  synthesized  by  SPPS  using  a  similar  strategy. 

Table  1  Biological  activity  against  S.  cereviscte  RC629 


Peptide  analog 

Minimum  amount  causing  growth 
inhibition  (me/disk) 

[Nle12]a-factor 

0.05 

IC(42) 

>10 

IC32 

10 

IC22 

0.5 

IC12 

0.5 

S  HC41 

>10 

HC31 

10 

nc2i 

5 

ncn 

>50 

IC22,  the  most  potent  cyclic  analog  of  a-factor,  is  still  10  times  less  active 
than  [Nlel2]a-factor  (Table  1).  Comparison  of  the  activities  among  these  cyclic 
analogs  indicates  that  peptides  with  Glu  in  position  10  (n  =  2  in  Figure  1)  have 
higher  activity  than  those  with  Asp  (n  =  1  in  Figure  1),  suggesting  that  a  carbonyl 
group  in  the  y  position  of  residue  10  is  very  important  for  biological  activity.  The 
binding  of  the  cyclic  analogs  to  the  a-factor  receptor  was  tested  by  competition  with 
tritiated  [Nlel2]a-factor.  Interestingly,  IC(42),  which  is  virtually  inactive,  is  a  good 
competitor  reducing  the  binding  of  [Nlel2]a-factor  by  50%  at  a  concentration  of  10~5 
M.  In  contrast  IC22,  which  is  over  20  times  more  active  than  IC(42),  has  20  fold 
lower  affinity  for  the  receptor.  We  conclude  that  proper  spatial  orientation  of  the  N- 
terminal  residues  is  important  for  triggering  the  biological  response  but  not  for 
receptor  binding. 

The  temperature  coefficients  (dS/dT)  of  several  model  tetrapeptides  in  DMSO-d^ 
are  listed  in  Table  2.  In  Tetra  II  and  Tetra  HI,  the  NH  of  Glu  has  a  very  low  d8/dT 
value,  providing  some  evidence  for  a  4— »1  hydrogen-bonded  P-tum  structure. 
Analysis  of  the  ROESY  (500ms)  spectrum  of  Tetra  III  revealed  a  strong  NOE 
between  the  NH  of  Gly3  and  the  aCH  of  Pro2,  characteristic  of  a  Type  n  p-turn 
structure  [2].  The  CD  spectrum  of  Tetra  ID  showed  a  strong  positive  band  (mean 
residue  ellipticity  -190,000  deg.cm2.dmoH)  at  202-204  nm,  a  much  weaker  negative 
band  (mean  residue  ellipticity  -20,000  deg.cm2.dmol  l)  at  227-230  nm  and  a  cross 
over  point  at  221  nm.  These  features  are  consistent  with  the  properties  of  a  Type  II 
P-tum  [3].  The  lowest  energy  conformation  of  Tetra  III  reveals  a  set  of  dihedral 
angles  close  to  an  ideal  Type  II  P-tum  and  a  hydrogen  bond  between  NH  of  Glu4  and 
CO  of  DABA*  in  this  model  compound. 
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Table  2  Temperature  coefficients  for  model  tetrapeptides  in  DMSO-d6  (A  ppb/°C) 


Tetrapeptide 

OtNH(l) 

(ONH  (1) 

ctNH(3) 

aNH  (4) 

Ac-K-P-G-E-NH2  (Tetra  I) 

-7.02 

-5.89 

-3.14 

-4.80 

Ac-Orn-P-G-E-NH2  (Tetra  II) 

-7.44 

-2.28 

-6.76 

-0.90 

Ac-(DABA)-P-G-E-NH  2  (Tetra  m)c 

-7.44 

-5.71 

-7.57 

+1.80 

Ac-(DABA)-P-G-p-NH2  (Tetra  VII )c 

-9.30® 

-6.92b 

-5.00® 

-3.48b 

-5.56® 

-5.02b 

-6.80® 

-5.26b 

a)  Values  correspond  to  cis  isomer  b)  Values  correspond  to  trans  isomer 

c)  DABA  -  a, y- Diamino  Butyric  Acid 

In  conclusion,  the  conformational  analysis  suggests  that  Tetra  III  assumes  a 
Type  II  P-tum  in  DMSO-dg  and  water.  This  model  compound  corresponds  to  the 
center  of  IC22,  the  most  potent  cyclic  analog  of  a-factor.  The  results  of  these 
studies  support  the  previous  hypothesis,  that  a  Type  II  P-tum  is  an  important 
structural  feature  for  the  biological  activity  of  a-factor.  The  conformational  analyses 
on  the  cyclic  analogs  and  other  model  compounds  are  currently  under  investigation. 
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Introduction 

The  recent  cloning  of  a  rat  B2  bradykinin  receptor  [1]  opened  up  the  possibility 
of  isolating  a  clone  for  the  human  B2  receptor  using  a  homology  cloning  strategy. 
Recognizing  that  being  able  to  screen  potential  bradykinin  antagonists  against  the 
human  receptor  would  help  in  avoiding  the  problem  of  pharmacological  differences 
between  species,  we  pursued  the  isolation  of  a  human  B2  bradykinin  receptor  clone, 
and  its  expression  in  eukaryotic  systems. 

Results  and  Discussion 

We  have  isolated  a  full  length  cDNA  encoding  the  human  B2  bradykinin 
receptor  which  is  identical  in  sequence  to  that  published  [2],  assembled  an  appropriate 
eukaryotic  expression  construct,  and  isolated  a  stable  CHO/K  cell  line  expressing 
bradykinin  receptors  at  a  density  approximately  40-fold  higher  than  that  seen  in 
guinea  pig  ileum  [3]. 

The  expressed  human  bradykinin  receptors  have  been  demonstrated  to  bind  3H- 
bradykinin  and  the  B2  selective  receptor  antagonist,  3H-NPC  17731  with  high 
affinity  (KD  =  190  pM  and  47  pM,  respectively)  in  a  saturable  fashion.  This  binding 
can  be  competitively  inhibited  by  other  B2  receptor  antagonists  and  bradykinin.  The 
use  of  frozen  membranes  allows  for  the  preparation  of  a  large  batch  of  membranes 
with  the  same  protein  content  and  the  assay  of  multiple  novel  compounds  on  a  series 
of  successive  days.  Figure  1  illustrates  the  SAR  of  several  hydroxyproli:  ether 
containing  peptides  on  the  cloned  human  B2  receptor.  The  IC50  of  each  antagonist  is 
as  follows:  NPC  17975,  2.1  pM  (n=2);  NPC  17974,  4.0  pM  (n=2);  NPC  17731,  12 
pM  (n=2);  NPC  17761,  19.5  pM  (n=  2);  NPC  18407,  560  pM  (n=3);  NPC  18413, 
4,400  pM  (n=3);  NPC  18410,  25,000  pM  (n=3).  Electrophysiological  studies  done 
in  our  lab  using  Xenopus  oocytes  injected  with  in  vitro  synthesized  RNA  showed 
that  the  cloned  B2  receptor  is  functional.  Maximal  responses  to  bradykinin  were  seen 
with  100  nM  bradykinin.  Following  a  ten  minute  wash  with  buffer,  a  second 
application  of  100  nM  bradykinin  evoked  no  response,  indicating  that  the  receptors 
were  desensitized.  This  response  to  100  nM  bradykinin  could  be  blocked  with  500 
nM  NPC  17731  in  a  reversible  fashion. 
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i,-Pro*-HTB**Gly4*Phe*-Scr4-X7-Ofc**Ar** 

8 

P 

Trans 

17731 

17761 

17975 

17974 

Cis 

— 

18407 

18413 

18410 

l TO 
17761 

17974 

17975 
16407 
16410 
16413 


Fig.  1.  Chemical  structures  and  competition  binding  of  selective  B2  antagonists.  The 
chart  illustrates  the  position  7  cis  and  trans  isomers  of  these  hydroxyproline  ether 
compounds.  Competition  binding  was  done  using  CHO/K  cells  stably  expressing  the 
human  B2  receptor. 

The  isolation  of  the  cC'NA  for  the  human  B2  bradykinin  receptor  and  its 
functional  expression  give  us  the  security  of  screening  with  the  human  receptor 
which  may  have  different  pharmacological  properties  as  compared  to  guinea  pig.  We 
feel  that  these  binding  assays  and  functional  studies  should  improve  the  efficiency  of 
our  pi  unary  screening  and  facilitate  our  development  of  new,  potent  B2  receptor 
antagonists  that  will  hold  up  in  clinical  trials. 
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Introduction 

Through  rational  design  of  opioid  ligands  as  mimetics  for  the  biologically 
active  conformations  of  endogenous  peptides,  new  insight  can  be  obtained  about 
major  opioid  receptor  sub-types.  For  this  reason  a  large  number  of  opioid  molecules 
have  been  prepared  and  probed  for  structure-activity  relationships.  Structural 
modifications  of  enkephalins  in  our  laboratory  have  resulted  in  numerous  potent 
peptide  opioids  that  have  different  selectivity  for  the  mu  and  delta  receptors. 

As  one  approach  we  incorporated  a  thioether  bridge  between  the  side  chains  of 
putative  alanine  residues  in  positions  2  and  5.  The  ring  of  this  lanthionine 
cyclopeptide  is  one  atom  smaller  than  the  corresponding  disulfide  analog.  Our  initial 
synthesis  of  lanthionine-enkephalins  led  to  the  molecule  of  [D-AlaL2,  AlaL5]-EA 
(DAl2LAl5EA,  1),  where  AlaL  denotes  each  of  the  lanthionine  amino  acid  ends 
linked  by  a  monosulfide  bridge  [1].  This  led  to  a  molecule  with  a  very  high 
analgesic  activity  at  subnanomolar  levels.  The  analog  exhibited  an  increase  in 
metabolic  stability  as  compared  to  the  disulfide  analog  [2].  On  the  basis  of  these 
results,  we  prepared  other  diastereomers  of  lanthionine  enkephalins  for  biological 
assays  and  conformational  studies. 

Results  and  Discussion 

Two  new  synthetic  methods  have  been  developed  and  used  to  prepare  die  target 
lanthionine  enkephalins.  In  both  cases  the  ring  formation  was  carried  out  on  solid 
supports  (MBHA-resin  and  Kaiser-oxime  resin). 

In  a  simulation  of  the  biosynthetic  pathway  of  lanthionine  formation  a 
Michael -addition  reaction  was  used  to  form  the  thioether  bridge.  The  peptide 
chain  was  assembled  on  an  MBHA-resin  containing  Dha2  and  Cyss  residues  in  the 
positions  of  the  desired  Alai  units.  During  the  sulfide-bridge  formation  an  unexpected 
stereoselectivity  of  the  Michael-addition  took  place  resulting  in  DAl2LAl5EA, 
probably  because  of  the  steric  hindrance  of  the  solid  support. 

Another  route  for  the  synthesis  of  lanthionine  peptides  involves  the  Peptide 
Cydization  on  an  Oxime  Resin  (PCOR)  method  [3,  4].  The  peptide  chain 
was  prepared  on  the  oxime  resin,  and  cydization  reaction  took  place  by  a 
nucleophilic  attack  of  a  free  amino  group  on  the  ester  carbonyl  of  the  C-terminal 
oxime  group.  The  product  simultaneously  cleaved  from  the  resin.  After  coupling 
the  Tyr  residue  to  the  N-terminus,  the  protecting  groups  were  removed  and  the 
product  was  purified  by  RP-HPLC. 
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Structure-Activity  Relationships 

Biological  activities  of  lanthionine-enkephalins  have  been  determined  both  in 
the  in  vivo  (rat  hot  plate  tests)  and  in  vitro  assays  (GPI  and  MVD).  In  parallel 
experiments,  the  disulfide  analogs  have  also  been  tested. 

Our  new  lanthionine-enkephalins  show  increased  bioactivity  both  in  vivo 
(ED$o  =  0.1  nmol)  and  in  vitro  assays  (Table  1).  The  lanthionine  constraints  do  not 
enhance  selectivity  [IC50  (MVDVIC50  (GPI)]. 


Table  1  Inhibitory  potency  and  selectivity  in  GPI  and  MVD  bioassays,  rat  hot  plate 
test  in  vivo  and  enzymatic  degradation 


Compounds 

GPI 

ICjolnM] 

MVD 

ICjotnM] 

MVD/GPI 

In  vivo  test 
ED50  [nmol] 

Biodegra¬ 

dation 

t1/2[min] 

DA^LAj^EA 

0.62 

0.54 

0.88 

0.11 

1220 

DAl2DAl5EA 

1.67 

1.67 

1.0 

0.11 

- 

dc2lc5ea 

1.51 

0.76 

0.5 

0.24 

330 

lc2lc5ea 

inactive 

inactive 

- 

inactive 

- 

Leus-E 

246 

11.4 

0.05 

>100 

30 

Morphine 

58.6 

644 

11 

15 

- 

A  comparison  of  biological  activity  of  DC2LC5EA,  DAl2LAl5EA  and 
DP2DP5E  reveals  enormous  differences.  All  activity  of  DP2DP5E  (100  mg/kg)  is 
lost  by  60  min;  the  disulfide-bridged  analog  (0.3  mg/kg)  retains  partial  activity, 
while  the  lanthionine-enkephalin  (0.3  mg/kg)  retains  almost  full  activity  over  the 
same  time  period.  A  direct  study  of  enzymatic  degradation  (enzyme  mixture  from  rat 
brain  homogenate)  demonstrates  a  significant  difference  in  the  stability  of  three 
compounds,  the  Leu5-enkephalin,  the  disulfide-bridged  enkephalinamide  and  the 
lanthionine-enkephalinamide.  The  lanthionine-enkephalinamide  has  a  half-life  at 
least  four  times  that  of  the  corresponding  disulfide  analog  and  forty  times  that  of 
Leu3-enkephalin. 

Conformational  Analysis 

NMR  spectroscopy  and  molecular  modeling  were  used  to  determine  the 
backbone  conformations  for  the  lanthionine  and  disulfide  cyclized  enkephalin 
analogs.  The  results  showed  similar  y-tums  about  the  Phe4  residue  in  both  the 
cystine  and  lanthionine  cyclized  enkephalins. 


G.  Osapay  et  ai. 


Biologically  Active  Peptides 


A  systematic  search  of  side  chains  was  carried  out  with  the  Small  Molecule 
Modeling  Tool  Version  1.0  module  in  INSIGHT  II  (Biosym  Technologies,  Inc.). 


Fig.  ].  Comparison  of  superimposed  phenylalanine  residues  and  subsequent  exclusion 
volumes  of  three  superactive  and  one  inactive  sulfur-bridged  enkephalin  analogs  (see 
text). 

In  Figure  1,  the  conformations  of  three  biologically  superactive  compouds 
DAl2LAl5EA,  DAl2DAl5EA,  and  DC2LC5EA  and  the  inactive  LC2LC5EA  are 
represented.  The  phenyl  groups  of  the  residues  of  position  4  are  essentially 
superimposed  allowing  the  backbone  rings  and  the  Tyr1  groups  to  sweep  out  volume 
elements.  In  this  analysis  it  is  interesting  to  note  that  in  the  active  analogs  the 
phenol  groups  of  the  Tyr1  residue  prefer  an  array  on  the  same  side  of  the  backbone 
rings  as  the  phenyl  groups.  In  the  inactive  analog  the  phenolic  group  of  Tyr1  is 
found  on  the  opposite  side. 

Acknowledgements 

This  work  was  supported  by  grants  NIH  DA-05539  and  NIH  DK-15410.  The 
authors  thank  Dr.  Tony  Yaksh  (Department  of  Anesthesiology,  UCSD)  for  the  in 
vivo  assays,  and  Dr.  Peter  W.  Schiller  (Clinical  Research  Institute  of  Montreal)  for 
the  in  vitro  tests  of  the  compounds. 

References 

1 .  Polinsky,  A.,  Cooney,  M.G.,  Toy-Palmer,  A.,  Osapay,  G.  and  Goodman,  M.,  J. 
Med.  Chem.,  35  (1992)  4185. 

2.  Osapay,  G.,  Wang,  S.,  Shao,  H.  and  Goodman,  M.,  In  Yanaihara,  N.  (Ed.),  Peptide 
Chemistry  1992,  Proceedings  of  the  2nd  Japan  Symposium  on  Peptide  Chemistry, 
Escom,  Leiden,  The  Netherlands,  1993,  p.152. 

3.  Osapay,  G.  and  Taylor,  J.W.,  J.  Am.  Chem.  Soc.,  1 12  (1990)  6043. 

4.  Osapay,  G.,  Bouvier,  M.  and  Taylor,  J.W.,  In  Villafranca,  J.J.  (Ed.),  Techniques  in 
Protein  Chemistry  II,  Academic  Press,  Inc.,  San  Diego,  CA,  U.S.A.,  1991,  p.221. 


437 


Neurohypophyseal  hormone  analogues  and  blood 
coagulation:  How  successful  can  a  design  of 
“antihemophilic”  peptides  be? 


V.  Pliffka  and  S.  Neuenschwander 

Department  of  Animal  Science,  Swiss  Federal  Institute  of  Technology, 
ETH  Ziirich,  CH-8092  Zurich,  Switzerland 


Introduction 

Vasopressin  and  its  structural  analogue  deamino-D-arginine-  vasopressin 
(dDAVP)  exhibit  a  dual  effect  on  blood  coagulation  in  humans:  the  enhancement  of 
blood  clotting  factor  VIII  (F-Vm)  [1]  (“antihemophilic  activity”),  and  the  activation 
of  fibrinolytic  system  via  enhanced  release  of  the  tissue  plasminogen  activator  (tPA) 
[2].  In  the  overall  coagulation  response  to  a  drug,  the  two  effects  are  mutually 
antagonistic.  In  spite  of  this,  dDAVP  has  been  introduced  as  an  F-VIII  releasing  drug 
in  mild  and  medium  severe  forms  of  coagulopathies  [1]  like  hemophilia  A  or  von 
Willebrand  disease.  Its  great  advantages  are  viral  safety  and  low  costs  of  this  life¬ 
long  therapy.  Potential  need  of  new  antihemophilic  substances  (failing  of  dDAVP 
response,  development  of  immune  incompatibility  against  dDAVP  in  patients, 
design  of  substances  without  side  effects  of  dDAVP,  etc.),  and  missing  knowledge  of 
the  mechanism  of  action,  require  further  effort  in  this  area. 

Results  and  Discussion 

Activity  estimates.  Antihemophilic  (AH)  and  plasminogen  activating  (PA) 
potencies  were  expressed  as  integrals  of  the  time-response  curves  for  F-VIII  and  tPA, 
respectively,  within  die  first  90  (AH)  and  60  min  (PA),  as  percent  of  the 
corresponding  integrals  for  dDAVP.  Table  1  summarizes  published  values  for 
different  species,  and  new  values  from  our  laboratory  [3,4]  for  peptides  interacting 
specifically  with  individual  classes  of  neurohypophyseal  hormone  receptors  (see 
Table  1)  [5].  Responses  to  1  pg/kg  b.w.  doses  of  the  peptide  tested  and  of  dDAVP 
were  compared.  Standard  values  of  antidiuretic  (AD),  vasoconstrictory  (BP),  in  vitro 
uterotonic  (UT)  and  milk  ejecting  (GB)  activities  were  taken  from  [6].  AD  and  BP 
for  pepddes  3, 4,  5,  7  and  1 1  were  unpublished  data  by  Dr.  P.  Melin. 

Receptor  selectivity.  Selectivity  of  a  neurohypophyseal  peptide  interaction 
with  a  particular  receptor  subtype  V,,  V2  or  OT  (oxytocin-type)  was  expressed  by 
means  of  the  three  standard  activities  AD,  BP  and  UT  as  a  “selectivity  index”:  SV,  = 
BP/(BP  +  AD  +  UT);  SV2  =  AD/(BP  +  AD  +  UT);  SOT  =  UT/(BP  +  AD  +  UT). 
The  peptides  were  then  grouped  as  follows  (Table  1):  I.  V,,  V2  or  OT  selective 
peptides  with  the  corresponding  selectivity  £  2/3;  2.  {V,V2}  peptides  for  which 
0.5SSV,/SVj22,  and  SV,&SV2£l/3;  3.  (V,V2OT)  peptides  for  which  ratios  of  any 
two  selectivity  indices  SA,,  SAj  are  0.5£SA/SAj22,  and  SV,&SV2&SOT£l/3. 
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Table  1  Antihemophilic  (AH)  and  plasminogen  activating  (PA)  potencies  of 
neurohypophyseal  hormone  analogues* 


AH 

PA 

AH 

PA 

Vj  peptides 

V2  peptides 

1 

dDAVP 

100 

100 

7 

[Glys]dDAVP 

0V 

nd 

2 

DA  VP 

29v 

nd 

8 

affba-6-dDAVP 

41v 

103c 

3 

[pbe^jdDAVP 

26* 

nd 

96P 

4 

[trp3]dDAVP 

0V 

nd 

9 

[om*]dVP 

0" 

nd 

5 

[AiHldDAVP 

88v 

nd 

10 

[MeArg*]dAVP 

3P 

nd 

6 

[Val^DAVP 

61" 

169" 

11 

desGly9-AVP 

0* 

nd 

Vj  peptides 

{V,Vj}  peptides 

12 

[Phe2,Om8]VT 

33" 

71" 

14 

AVP 

33" 

44c 

13 

[Gly7]dDAVP 

0* 

nd 

15 

LVP 

54” 

46“ 

39" 

16 

Gly-Gly-Gly-LVP 

nd 

6C 

{V,VjOT}  peptides 

17 

AVT 

OP 

35c 

OT  peptides 

nonspecific  antagonists 

18 

OT 

31" 

27" 

0" 

20 

[Mep1  ,Tyr(Me)2]DA  VP 

30" 

nd 

19 

[Thr*,Gly7]OT 

32" 

5" 

21 

[Mpp‘,tyr(Me)2,Val4]AVP 

48" 

0" 

aAH  and  PA  in  percent  of  dDAVP.  Abbreviations:  AVP,  arginine  vasopressin; 
AVT,  arginine  vasotocin;  DA  VP,  [arg8]  vasopressin;  dDAVP,  deamino-D-arginine 
vasopressin;  dVP,  deamino-vasopressin;  LVP,  lysine  vasopressin;  OT,  oxytocin; 
VT,  vasotocin.  Amino  acids  according  to  IUPAC-IUB;  Xyz  stands  for  L-  xyz  for 
D-enantiomers;  Ail,  a//o-isoleucine;  Mep,  p-mercapto-p,|l-diethylpropionic  acid; 
Mpp,  P-mercapto-p.P-cyclopentamethylenepropionic  acid;  Orn,  ornithine. 
References  (species):  cCash  et  al.  [8]  (human);  “Mannucci  et  al.  [9]  (human); 
"Neuenschwander  and  Pliika,  unpublished  (sheep);  PProwse  et  al.  [10]  (human);  vVilhardt 
and  Barth  [11]  (dog).  Abbreviations:  nd,  not  determined. 

Relationships  between  blood  clotting  and  standard  potencies.  Due  to  the  data 
inconsistency  (see  above),  correlations  of  AH  and  PA  with  standard  potencies  and 
with  the  corresponding  selectivity  indices  were  evaluated  by  a  robust  correlation 
analysis  PROGRESS  [7]  based  on  the  least  median  of  squares  method.  In  order  to 
account  for  putative  nonlinearities,  significance  of  the  Spearman’s  rank  correlation 
coefficient  was  tested.  The  results  indicate  that  i)  solely  the  antidiuretic  potency 
(determined  in  rat)  shows  significant  correlations  with  AH  and  PA  (determined  in  the 
species  indicated  in  Table  1),  ii)  this  correlation  is  linear,  and  that  iii)  selectivity 
indices  SV,,  SV2  and  SOT  show  no  significant  effects  upon  AH  and  PA.  We 
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conclude  that  AH  and  PA  are  in  some  way  determined  by  V2-types  of  interactions. 
However,  it  would  be  far-fetched  to  state  that  these  responses  are  directly  initiated  on 
a  V2  receptor  type;  rather,  we  assume  a  linkage  to  a  physiologic  mechanism  started 
there. 

Peptides  belonging  to  the  {V,V2}  and  to  OT  groups  (naturally  occurring 
peptides  AVP,  LVP,  OT)  were  detected  as  outliers  by  the  PROGRESS  routine. 
When  the  V2-group  alone  was  subjected  to  the  correlation  analysis,  the  multiple 
correlation  coefficient  and  the  variance  explained  by  the  regression  model  employed, 
were  considerably  higher. 

Using  the  same  methods,  we  have  investigated  the  interdependence  of  AH  and 
PA.  Pearson’s  coefficient  of  linear  correlation  is  not  highly  significant  (p<0.1)  but 
the  rank  correlation  between  them  clearly  exists  (p<0.05).  At  present,  the  size  of  the 
sample  does  not  allow  conclusions  about  the  type  of  relationship  between  the  two. 

Activity  predictions  for  AH  and  PA.  Considering  these  findings,  a  design  of 
“specific”  antihemophilic  and  plasminogen  activating  peptides  may  meet  severe 
difficulties.  First,  despite  their  loose  correlation,  it  may  turn  difficult  to  separate  AH 
and  PA.  Second,  antidiuretic  activity  probably  remains  the  most  dominating  side 
effect.  It  seems  likely  that  substances  possessing  the  activity  spectrum  of  dDAVP 
will  remain  therapeutics  of  choice  in  the  future. 
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Introduction 

A  repeat  heptamer  peptide  sequence  (KIAGKIA)rNH2,  MSI- 103  (I)  exhibiting 
good  antimicrobial  activities  was  derived  from  structure-activity  relationship  (SAR) 
studies  [1]  on  PGLa  (Peptide  between  Glycine  and  Leucine  as  amide),  a  21  amino 
acid  long  peptide  with  die  sequence  GMASKAG AIAGKIAKV ALKAL-NH2,  extracted 
from  the  granular  glands  of  African  clawed  frog  Xenopus  laevis  [2,  3].  When 
represented  on  a  helical  wheel  it  is  obvious  that  MSI- 103  like  PGLa  is  amphipathic 
in  nature  in  that  all  the  basic  hydrophilic  amino  acids  are  on  one  side  of  the  helix  and 
the  hydrophobic  amino  acids  are  on  the  other  side  of  the  helix.  It  is  proposed  [4]  that 
PGLa  (which  can  be  the  case  with  MSI-103  also),  like  other  antibacterial  peptides  is 
membrane  active  and  dissipates  membrane  potential  by  forming  transmembrane  pore 
like  structures  involving  several  molecules.  MSI-103  exhibits  a  wide  spectrum  of 
antibacterial  activities  against  gram  positive  ( Staphylococcus  aureus)  and  gram 
negative  (£.  coli  and  Pseudomonas  aeruginosa)  organisms  and  it  does  not  lyse  human 
red  blood  cells,  which  is  an  index  of  the  specificity  of  these  antimicrobial  peptides. 
In  our  continuous  efforts  to  improve  the  antibacterial  activity  and  the  specificity  of 
MSI-103  various  analogs  are  synthesized  and  their  biological  activities  determined 
and  some  of  those  studies  are  presented  here. 

Results  and  Discussion 

Variation  of  chain  length:  In  order  to  determine  the  optimum  length  that  is 
necessary  to  exhibit  full  biological  activities,  analogs  II-VII  (Table  1)  are 
synthesized.  There  is  a  lowering  in  the  antibacterial  activities  as  the  chain  length  is 
decreased.  When  the  length  is  increased  (VI-VTI),  improved  biological  activities  are 
observed,  but  there  is  also  an  increase  in  hemolysis  (loss  of  specificity).  Thus  it 
appears  that  at  least  21  amino  acids  (which  will  be  needed  to  span  the  lipid  bilayer  as 
an  a-helix)  are  necessary  to  have  the  antibacterial  activities. 

Isoleucine  modifications :  Isoleucine  with  (J- branching  in  the  side  chain  is  not  a 
very  favorable  amino  acid  to  form  a-helical  structures,  especially  when  it  occurs  at  i 
and  i+4  positions  along  the  helical  axis,  as  is  the  case  with  MSI-103.  When  Leu 
with  no  ^-branching  is  substituted,  to  improve  the  helix  forming  ability  the  resulting 
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Table  1  Antimicrobial  Activities 


MIC  (pgftnl)  %  Hemolysis 

S. aureus  E.coli  P. aeruginosa  (lOOpg/ml) 
_____  ~~ 


I  KIAGKJLAKMGKIAKIAGKIA-NH2 

8-16 

4-8 

64-128 

0 

II  JAGKIAKIAGKIAKIAGKIA-NH^ 

16-32 

4 

128 

0 

in  _agkiakiagkiakiagkia-nh2 

128 

16 

128 

0 

IV  GKIAKIAGKIAK1AGKIA-NH7 

64 

8 

64 

0 

V  KIAGKIAKIAGKIA-NHj 

256 

64-128 

128-256 

0 

VI  KIA(KIAGKIA)3-NH2 

4 

4 

8 

12 

VII  (KIAGKIA)4-NH2 

4 

4 

16 

45 

Vin  (KLAGKLAb-NH2 

16 

8 

32 

0 

IX  (KVAGKIA)j-NH2 

256 

32 

256 

0 

X  (KIAGKVAb-NH2 

64-128 

32 

128 

0 

XI  (KFAGKFA)3-NH2 

32 

4-16 

32 

0 

xn  (kfagkia)3-nh2 

32 

8-16 

128 

0 

Xffl  (KIAGKFA>3-NH2 

32 

8-16 

64 

0 

XIV  (KJAGKJA)3-NH2 

>256 

>256 

>256 

83 

XV  (KJ*AGKJ*A)3-NH2 

>256 

>256 

>256 

33 

XVI  (KF*AGKF*A)rNH2 

128 

128 

256 

1 

XVD  (KUAGKUA)rNH2 

32 

32 

64 

71 

xvm  (kuagkia)3-nh2 

4-8 

2-4 

16-32 

61 

XIX  (KIAGKUA)]-NH2 

32 

32 

64 

32 

XX  (KXAGKXA)3-NH2 

4-8 

4 

32-64 

8 

XXI  (KXAGKIAH-NH! 

16 

4-8 

64 

5 

XXII  (KIAGKXAIj-NI^ 

8 

2-4 

32 

0 

xxm  (kzagkza>3-nh2 

128-256 

32 

128 

0 

XXIV  (KZAGKIA)i_NH2 

128 

8 

128 

0 

XXV  (KIAGKZA)j-NH2 

128 

16 

128 

0 

XXVI  (KA*AGKA*A>3-NH2 

>256 

>256 

>256 

0 

MIC,  minimum  inhibitory  concentration;  J,  homophenylalaninej  j*,  phenylglycine;  F*, 
p.NHj-Phe;  U,  cyclohexylalanine;  X,  norleucine;  Z,  norvaline;  A  ,  a-aminobutyric  acid 

analog,  VIII,  retained  the  antimicrobial  activities.  For  comparison,  analogs  IX-X  are 
synthesized  with  Val  (with  ^-branching)  which  is  known  to  destabilize  the  helical 
structure,  and  as  expected,  the  two  analogs  are  considerably  less  active.  Hydrophobic 
and  aromatic  amino  acid,  Phe,  with  no  ^-branching  is  substituted  for  lie  and  all 
analogs  (XI-XIII),  as  expected,  showed  good  antimicrobial  activities.  Analogs  are 
synthesized  positioning  the  aromatic  ring  either  away  (XIV)  or  closer  (XV)  to  the 
backbone  of  the  molecule.  To  our  surprise,  complete  loss  of  activities  is  observed 
for  both  the  analogs.  The  increased  hemolysis  for  (XIV)  may  be  explained  by  the 
overall  increase  in  the  hydrophobicity  of  the  molecule,  but  the  loss  of  antibacterial 
activities  is  unexpected.  Substitution  of  He  with  the  hydrophilic  amino  acid,  p- 
amino-Phe,  (analog  XVI)  resulted  in  the  loss  of  activities.  This  can  be  reasoned  by 
the  fact  that  the  hydrophilic  amino  acid  now  occurs  on  the  hydrophobic  side  of  the 
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amphipathic  helical  structure.  Saturation  of  the  aromatic  ring  (Cha  analogs  XVII- 
XIX)  still  retained  the  antimicrobial  activities,  but  once  again  there  is  an  increase  in 
hemolysis.  This  is  in  accordance  with  the  earlier  observation  that  increased 
hydrophobicity  led  to  increased  hemolysis.  Analogs  XX-XXVI  are  synthesized  using 
amino  acids  with  no  branching  in  the  side  chain.  Nle  (which  is  more  hydrophobic 
than  De)  substituted  analogs  (XX-XXH)  showed  good  antimicrobial  activities  and  also 
increased  hemolytic  values  at  500  |ig/ml  concentration  (not  shown  here).  Analogs 
XXm-XXVI  which  are  less  hydrophobic  overall,  exhibited  low  antimicrobial  and  low 
hemolytic  activities.  From  these  studies  it  can  be  concluded  that  the  overall 
hydrophobicity  of  the  molecule  plays  an  important  role  in  eliciting  antimicrobial  and 
hemolytic  properties. 
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Introduction 

Amphipathic  a  helixes  vary  drastically  in  their  effects  on  membrane  bilayer 
stability  [1].  Apolipoprotein  (class  A)  amphipathic  helices  are  membrane-active  and 
are  postulated  to  act  as  detergents  by  virtue  of  their  cross-section  being  wedge  shaped 
[2],  Low  molecular  weight  polypeptides  containing  lytic  (class  L)  amphipathic 
helixes,  such  as  mastoparan,  are  also  membrane-active  but  have  biological  activities 
opposite  to  or  distinct  from  class  A  amphipathic  helices.  We  used  synthetic  model 
peptides  to  find  the  structural  basis  for  these  differences  in  activity.  Using  computer 
analysis  [3]  of  naturally  occurring  class  A  and  class  L  amphipathic  helices,  we 
designed  two  archetypical  model  peptides  called  18A  (D WLKAFYDKV AEKLKEAF) 
and  18L  (GIKKFLGSIWKFIKAFVG). 

Results  and  Discussion 

Analogs  of  these  two  peptides,  incorporating  substitutions  or  modifications  of 
interfacial  or  basic  residues,  had  the  following  effects:  Class  A  peptides  stabilized 
bilayer  structure,  reduced  leakage  from  dye  entrapped  lipid  vesicles  and  erythrocytes 
and  inhibited  lysis  induced  by  class  L  peptides.  Class  L  peptides  destabilized  bilayer 
structure  in  model  membranes  and  erythrocytes.  The  ability  of  class  L  analogs  to 
lyse  membranes  and  induce  inverted  lipid  phases  was  reduced  by  either  decreasing  the 
bulk  of  an  interfacial  residue,  increasing  the  angle  subtended  by  the  polar  face,  or 
increasing  the  bulk  of  the  basic  residues.  The  ability  of  the  class  A  analog  to 
stabilize  bilayer  structure  and  inhibit  erythrocyte  lysis  by  class  L  peptides  was 
enhanced  by  methylation  of  the  Lys  residues.  Class  L  peptides  also  increased 
significantly  the  binding  of  apolipoprotein  A-I  to  erythrocyte  membranes.  Molecular 
modeling  indicated  that  class  A  and  class  L  amphipathic  helices  have  reciprocal  wedge 
shapes  in  cross-section. 

These  results  can  be  explained  by  a  model  (Figure  1)  that  we  term  the  reciprocal 
wedge  hypothesis.  By  analogy  to  the  reciprocal  effects  of  phospholipid  shapes  on 
membrane  structure  [4],  we  propose  that  the  wedge  shape  of  class  A  helices  stabilizes 
membrane  bilayers  while  the  inverted  wedge  shape  of  class  L  helices  destabilizes 
membrane  bilayers,  and,  thus,  one  class  will  neutralize  the  effect  of  the  other  class  on 
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Fig.  I.  Schematic  representation  of  the  postulated  effects  of  cross-sectional  shape  of 
amphipathic  a  helixes  on  phospholipid  structure. 

membranes  via  reciprocal  steric  effects.  We  suggest  that  this  reciprocal  wedge 
concept  has  broad  biological  implications. 
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Introduction 

Epidermal  growth  factor  (EGF)  is  a  regulatory  peptide  which  controls 
proliferation  and  differentiation  of  various  cells.  Recently,  new  members  of  EGF 
family  peptide,  amphiregulin  (AR)  [1],  heparin-binding  EGF  like  growth  factor  (HB- 
EGF)  [2]  and  schwannoma-derived  growth  factor  (SDGF)  [3]  have  been  isolated  and 
characterized  from  conditioned  medium  of  human  breast  carcinoma  (MCF-7),  human 
macrophage-like  U-937  cells  and  rat  schwannoma  cells,  respectively.  These  novel 
growth  factors  are  glycosylated  polypeptides  which  are  processed  by  the  proteolytic 
cleavage  of  larger  transmembrane  precursors.  These  growth  factors  compete  with 
123I-EGF  for  binding  to  the  EGF  receptor  (EGF-R)  on  A431  epidermoid  carcinoma  or 
vascular  smooth  muscle  cells  and  they  stimulate  the  proliferation  of  EGF-response 
cells.  However,  it  is  unclear  whether  the  biological  activities  of  these  growth  factors 
are  mediated  through  the  only  EGF-R  which  possesses  intrinsic  tyrosine  kinase  and 
autophosphorylation  activity  or  some  unknown  cell  surface  receptors.  In  contrast  to 
EGF  and  TGF-ft,  these  growth  factors  contain  distinct  hydrophilic  N-terminal 
domains  that  have  been  suggested  as  potentional  heparin  binding  region.  The  EGF- 
like  domain  that  has  striking  high  sequence  homology  to  EGF  and  TGF-a  is 
involved  in  their  C-terminus.  Most  amino  acid  residues  implicated  in  binding  to  the 
EGF-R  and  inducing  mitogenic  stimulation  of  normal  cells  are  conserved  in  this 
ECF-like  domains.  Until  now,  very  little  is  known  about  the  role  of  the  EGF-like 
domain  in  mitogenic  activities  of  these  EGF  family  peptides.  Thus,  in  this  study,  to 
investigate  whether  the  only  EGF-like  domain  of  these  EGF  family  growth  factors 
have  growth-promoting  activity  in  normal  cells  or  not,  human  AR  (44-84),  human 
HB-EGF  (44-86)  and  mouse  SDGF  (38-80)  corresponding  to  this  domain  were 
synthesized  and  their  biological  response  was  assessed  in  mitogenesis  assays. 

Results  and  Discussion 

All  peptides  were  synthesized  manually  by  stepwise  solid  phase  method  using 
hydroxymethylphenoxy(HMP)-resin  and  Fmoc  chemistry.  The  following  base 
(piperidine)  stable  protecting  groups  were  employed  for  side  chain  protection: 
Asp(OtBu),  Glu(OtBu),  Asn(Trt),  Gln(Trt),  His(Trt),  Lys(Boc),  Arg(Mtr),  Ser(tBu) 
and  Tyr  (tBu).  Peptide  chain  elongation  was  carried  out  by  double  coupling  protocol 
using  DCC/HOBt,  BOP/HOBt  and  HBTU/HOBt  method.  The  protected-peptide 
resins  of  each  peptides  was  treated  with  TFA  or  TMSBr/TFA  in  the  presence  of 


446 


S.Y.  Shin  et  al. 


Biologically  Active  Peptides 


i 


Fig.  I.  Primary  structure  of  human  AR(44-84),  human  HB-EGF(44-86)  and  mouse 
SDGF( 38-80)  {left).  Amino  acid  sequences  of  cystine<ontaining  fragments  determined 
after  enzymatic  digestion  of  human  AR(44-84),  human  HB-EGF(44-86)  and  mouse 
SDGF(38-80)( right).  El  and  E2  represent  thermolysin  and  lysyl  endopeptidase, 
respectively. 
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Fig.  2.  Concentration  -  response  curves  of  mitogenesis  induced  by  human  EGF,  human  AR 
(44-84)  human  HB-EGF  (44-86)  and  mouse  SDGF  (38-80)  in  NIH-3T3  fibroblast  cells. 

scavengers.  Intramolecular  three  disulfide  linkages  of  each  peptide  was  formed  by  air 
oxidation  in  0.1  M  Tris-HCl  buffer  (pH  8.0)  containing  0.1  mM  EDTA,  0.3  mM 
oxidized  and  0.13  mM  reduced  glutathione  for  2-3  days.  Homogeneity  of  purified 
oxidized  form  of  each  peptide  was  confirmed  by  analytical  RP-HPLC,  amino  acid 
analysis  and  FAB-MS.  It  is  known  that  the  correct  disulfide  linkages  in  EGF  family 
peptides  play  a  significant  role  in  determining  biological  activity  as  well  as 
stabilizing  intrinsic  conformation.  Thus,  to  determine  intramolecular  disulfide 
topology  of  each  synthetic  peptide,  enzymatic  digestion  with  thermolysin  or  lysyl 
endopeptidase  was  carried  out  The  enzymatic  digestion  mixtures  woe  fractionated  by 
analytical  RP-HPLC  and  the  cystine-containing  fragments  were  determined  by  amino 
acid  analysis  and  amino  acid  microsequencing.  The  patterns  of  three  disulfide 
linkages  in  synthetic  human  AR  (44-84)  and  human  HB-EGF  (44-86)  were  consistent 
with  those  of  EGF  and  TGF-a,  and  the  disulfide  linkage  between  Cys40  and  Cys53 
in  synthetic  mouse  SDGF  (38-80)  was  demonstrated  by  thermolytic  digestion,  but 
the  others  (Cys48,  Cys64,  Cys66  and  Cys75)  were  not  determined  (Figure  1).  The 
mitogenic  activity  of  each  synthetic  peptide  was  assessed  by  means  of  colorimetric 
MTT  (tetrazolium)  and  [3H]thymidine  incorporation  assay  in  NIH-3T3  fibroblast 
cells.  In  mitogenesis  assays,  human  HB-EGF  (44-86)  was  as  active  as  human-EGF. 
However,  mouse  SDGF  (38-80)  was  less  active  and  human  AR  (44-84)  was  almost 
inactive  (Figure  2).  These  results  indicate  that  the  EGF-like  domain  of  human  HB- 
EGF  may  play  an  important  role  in  inducing  a  mitogenic  response  and  that  the  EGF- 
like  domains  of  human  AR  and  mouse  SDGF  may  be  not  obligatory  for  their  cell 
growth  activity. 
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Introduction 


Bradykinin,  a  nonapeptide  having  the  structure: 

Arg'-Pro2-Pro3-Gly<-Phe5-Ser6-Pro7-Phe8-Arg9  (BK) 
is  released  from  its  precursor  kininogens  by  the  action  of  kallikreins  and  exerts  its 
biological  effects  through  specific  receptors  to  trigger  various  physiological  and 
pathological  processes  such  as  pain,  inflammation,  contraction  of  smooth  muscle  and 
lowering  of  blood  pressure.  Extensive  attempts  to  develop  a  competitive  bradykinin 
antagonist  were  unsuccessful  until  1984  when  the  first  bradykinin  antagonists,  [D- 
Phe7]-BK  and  D-Arg-[Hyp3-Thi5  8-D-Phe7]-BK  were  reported  by  Vavrek  and  Stewart 
[1,2],  Despite  their  considerable  potency,  these  antagonists  were  degraded  in  vivo 
and  have  short  durations  of  action.  BK  is  inactivated  in  vivo  principally  by  cleavage 
at  7-8  and  8-9  bonds.  Structural  modifications  of  BK  antagonists  by  several  groups 
including  the  authors'  laboratory  led  to  development  of  second  generation  BK 
antagonists  by  incorporating  unusual  amino  acids,  conformationally  constrained  and 
stabie  to  enzymatic  degradation,  in  the  C-terminal  part  of  the  peptides.  We  now 
report  a  series  of  BK  antagonists  showing  long  duration  of  action  on  rat  blood 
pressure  that  contain  unusual  amino  acids  in  position  S,  7  and  8,  such  as 
cyclopentylglycine  (Cpg),  octahydroindole-2-carboxylic  acid  (Oic),  2,3- 
methanophenylalanine  (E  and  Z-isomers),  p-chloro-2,3-methanophenylalanine(Z- 
isomer),  2,4-methanoproline  (MPIV),  allylglycine  (Alg)  and  thienylalanine  (Thi). 


The  peptides  were  synthesized  by  standard  solid  phase  synthesis  methods  [3], 
using  Boc  chemistry  and  BOP  or  TBTU  coupling  agents,  on  a  Beckman  990 
automatic  synthesizer.  They  were  purified  by  countercurrent  distribution  and  HPLC 
(where  necessary),  characterized  by  amino  acid  analysis,  mass  spectrometry,  TLC  and 
paper  electrophoresis. 

‘Present  Address:  Cortech  Inc.,  6840  N.  Broadway,  Denver,  CO  80221,  U.S.A. 
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The  bradykinin  antagonists  were  assayed  in  vitro  on  isolated  rat  uterus  (RUT) 
and  guinea  pig  ileum  (GPI),  and  in  vivo  on  rat  blood  pressure  (RBP)  by  standard 
assay  methods.  Inhibition  potencies  on  smooth  muscles  are  expressed  as  pA2  values 
of  Schild  [4].  Hie  in  vivo  effect  of  bradykinin  antagonists  on  blood  pressure  in  the 
anesthetized  rat  were  determined  as  described  by  Stewart  et  al.  [51.  The  antagonists 
produce  inhibition  of  the  hypotensive  action  of  bradykinin  when  administered  as 
bolus  admixture  with  BK  or  as  an  infusion,  but  potency  in  this  assay  was  not 
quantitated  precisely. 

Results  and  Discussion 

The  bradykinin  antagonist  D-Arg-[Hyp3-Thi5-D-Cpg7-Cpg8]-BK,  (BS820)  has 
high  potency  in  these  assays,  and  its  effect  on  blood  pressure  lasts  for  180  min. 
following  an  infusion  (Table  1).  Replacement  of  Phe  with  Cpg  at  position  5, 
keeping  D-Cpg  at  7  and  L-Cpg  at  8  (B8838),  reduces  RUT  and  GPI  activity,  and  this 
analog  does  not  show  long  term  inhibition  on  rat  blood  pressure  following  an 
infusion.  Cpg  at  position  5  in  combination  with  D-Tic7-Oic8  (B9076)  gives 
antagonists  with  significant  activity.  Incorporation  of  cyclopropane  phenylalanine, 
especially  its  E-isomer,  at  position  8  (B8844)  in  the  [D-Phe7]  BK  antagonist,  shows 
enhancement  in  pA2  value  and  a  prolonged  action  lasting  45  min  following  an 
infusion  in  rat  blood  pressure.  Incorporation  of  2,4-methanoproline  at  either  position 
was  not  useful  for  increasing  activity. 

Table  1  Structures  and  activities  of  bradykinin  antagonists 


NUMBER 

STRUCTURE 

BIOLOGICAL  ACTIVITIES 

RUT 

GPI 

RBP(min) 

NPC349 

D-Aig-[Hyp3-This-*-D-Phe7]-BK 

1(6.5) 

1(6.4) 

I(LT,16  ) 

B7890 

B8820 

D-Arg-[Hyp3-Thi3-D-Phe7-Cpg8l-BK 

D-Arg-[Hyp3-Thi5-D-Cpg7-Cpg*]-BK 

1(7.0) 

1(7.9) 

1(6.5) 

1(6.6) 

I(LT,50 ) 
I(LT,180) 

B8838 

D-Arg-[Hyp3-Cpg3’8-D-Cpg7]-BK 

D- Arg-tHyp^Thr -D-Phe '-CpPhe(E)*]-BK 

1(7.4) 

1(7.0) 

I(LT,38) 

B8844 

1(7.0) 

1(6.9) 

I(LT,45) 

B8862 

D-Arg-[Hyp3-Thi3-D-Cpg7-Tic8]-BK 

D-Arg-[Hyp3-Thi3-DAlg7-Tic8]-BK 

1(6.7) 

1(6.0) 

I 

B8868 

1(7.2) 

1(7.2) 

I 

B8878 

D-Aig-fHy^-ThiS-D-Cpg’-CpPbeOE^J-BK 

1(7.1) 

1(7.1) 

I(LT,35) 

B8976 

D-Arg-[Hyp3-Thi3-D-Phe7-pClCpPhe(Z)8]-BK 

1(5.5) 

1(6.0) 

B8994 

D-Arg-[MPTV3-Cpg3-D-Cpg7-Cpg8]-BK 

D-Arg-[Hyp3-Thi*-D-Phe-pCl-D-Phe8]-BK 

1(7.2) 

1(6.5) 

I 

B9070 

1(5.5) 

0 

0 

B9076 

D-Arg-[Hyp3-Cpg5-D-Tic7-Oic8]-BK 

1(6.8) 

1(7.5) 

I(LT,140) 

I(LT):  Long  term  inhibition  of  rat  blood  pressure  (RBP)  response  by  intraaortic  infusion 
of  antagonist  at  0.1  mg/rain;  Antagonist  activity  on  smooth  muscles  is  given  as  the  pA2 
determined  on  4-10  tissues;  RUT:  rat  uterus;  GPI:  guinea  pig  ileum;  I:  inhibition  on  RBP; 
not  quantitated. 
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R.E.  Swenson1,  N.A.  Mort1,  F.  Haviv1,  E.N.  Bush1, 
G.  Diaz1,  G.  Bammert1,  N.  Rhutasel1,  A.  Nguyen1, 
J.  Leal1,  V.  Cybulski1,  J.  Knittle2  and  J.  Greer1 

1  Pharmaceutical  Products  Division,  Abbott  Laboratories,  and 
2TAP  Pharmaceuticals  Inc.,  Abbott  Park,  IL  60064,  U.S.A. 


Introduction 

The  major  safety  problem  of  LHRH  antagonists  was  related  to  the  degranulation 
of  mast  cells  and  release  of  histamine  [1].  SB-7S  is  a  known  LHRH  antagonist  in 
phase  n  clinical  trials  [2],  which  is  administered  sc  bid,  because  of  its  short  duration 
of  action.  In  the  histamine  release  (HR)  rat  peritoneal  mast  cells  assay  SB-75  has  an 
EDjo  of  1.1  pg/ml  [3].  Our  goal  in  this  study  was  to  improve  the  potency  and 
safety  profile  of  SB-75.  Haviv  et  al.  repented  [3]  the  in  vitro  activity  and  LH 
suppression  in  vivo  of  NMeTyi^-SB^S,  2,  in  comparison  with  the  parent,  1. 
Recently  we  tested  this  antagonist  2  in  intact  rat  by  infusion  for  three  days  at  a  dose 
of  3.6  pg/kg/hr.  This  compound  was  far  more  effective  than  SB-75  (Figure  1)  and 
therefore  was  selected  as  a  lead  in  the  following  SAR  study  of  positions  7,  8,  and  9, 
designed  to  improve  the  safety  profile. 

Results  and  Discussion 

LHRH  antagonists  1-18  were  synthesized  by  SPPS,  and  tested  in  vitro  for  rat 
pituitary  LHRH  receptor  binding  (pKi),  inhibition  of  LH  release  from  rat  pituitary 
cells  (pA2)  and  HR  (EDW)  [3].  Selected  compounds  were  also  tested  in  vivo  for 
suppression  of  testosterone  (T)  in  intact  rats  by  infusion.  N-methylation  of  position 
7  of  NMeTyrs-SB-75,  4,  increased  the  HR  EDM  by  10-fold  over  SB-75.  Likewise, 
introduction  of  bulkier  side  groups  such  as  Val7, 6,  or  t-Butylglycine7, 5,  increased 
the  HR  EDjo  by  3-  and  6-fold  respectively.  Substitution  of  position  8  with 
NMeArg8,  7,  resulted  in  a  20-fold,  improvement  in  HR  EDjo,  although  a  substantial 
loss  in  other  in  vitro  activities  was  observed.  This  remarkable  enhancement  in  HR 
EDjo  value  as  a  result  of  backbone  conformational  restriction  is  novel  and  unique. 
Previous  attempts  to  suppress  HR  activity  focused  on  decreasing  basicity  and 
reducing  hydrophobicity  [1].  The  3-fold  improvement  in  safety  of  the  HArg8  analog, 
8,  indicates  the  four  carbon  side  chain  length  at  position  8  is  preferred  for  safety. 
Replacement  of  Arg8  with  Lys(Isp)8  9  also  improved  the  safety  profile  15-fold, 
possibly  suggesting  that  changing  the  character  of  the  basic  residue  is  beneficial. 
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The  Lys(Isp)8  analog  9  was  also  very  effective  in  vivo  in  suppressing  T  (Figure  1). 
Substitution  of  NMeTyi^-SB-TS,  2  with  Ala9  produced  an  analog  12  with  similar  in 
vitro  activity  and  only  a  moderate  improvement  in  HR  EDJ0.  Substitution  of 
azetidinecarboxylic  acid9, 16,  or  pipecolic  acid9, 15,  did  not  have  any  significant 
effect  on  in  vitro  potency  and  safety  indicating  that  conformational  restriction  at  this 
site  is  neither  beneficial  nor  detrimental.  The  poor  binding  of  NMeLeu9, 11, 
suggests  that  the  steric  environment  at  this  site  is  limited.  The  two  best 
modifications  with  highest  HR  EDjo  values  were  the  aminobutyric  acid9, 13,  and  the 
4-hydroxyproline9, 14,  analogs.  The  transposition  of  positions  7  and  8  yielded 
compound  18,  which  maintained  in  vitro  potency  and  had  an  almost  10-fold 
improvement  in  safety  [4]. 

Table  1  In  vitro  activities  of  LHRH  antagonists 


NAcD2Nal,-D4ClPhe2-D3Pal3-Sei4-NMeTyri-DCit«-Leu7.Arg8.Pro9-DAla10-NH2 


Compound 

X 

pKja 

pA2b 

EDWC 

1 

Tyr5,Leu7,Arg8.Pro9 

SB-75d 

9.93 

10.45 

1.11 

2 

as  above 
NMeTyr5-SB-75a 

10.87 

10.80 

1.65 

3 

Ile7,Arg8,Pro9 

10.58 

11.25 

4.53 

4 

NMeLeu7,  Arg^Pro9 

tBugly7,Arg8Pro9 

Var,Arg*.Pro9 

10.59 

11.02 

11.45 

5 

10.32 

11.85 

6.93 

6 

10.67 

11.15 

3.26 

7 

Leu7,NMeArg8,Pro9 

8.75 

8.14 

23.86 

8 

Leu7,Harg8,Pro9 

10.21 

11.10 

3.52 

9 

Leu7,Lys(Isp)8,Pro9 

9.39 

11.40 

15.00 

10 

Leu^Arg^NMeAla9 

10.47 

11.05 

0.61 

11 

Leu7,Arg8.NMeLeu9 

9.49 

9.30 

0.53 

12 

Leu7,Arg*,Ala9 

10.35 

10.90 

3.20 

13 

Leu7,Arg8,Abu9 

9.96 

10.50 

6.05 

14 

Leu7Arg8.Pro(OH)9 

10.33 

10.95 

4.99 

15 

Leu7,Arg8jPipec9 

10.36 

11.05 

1.39 

16 

Leu^Arg^Aze9 

10.53 

11.15 

1.62 

17 

Leu7vArg8,Tic9 

9.82 

10.45 

1.68 

18 

Arg7,Leu8,Pro9 

10.18 

10.29 

10.53 

apK|=  the  negative  log  of  the  equilibrium  dissociation  constant  in  the  rat  pituitary 
receptor  binding  assay.  ®pA2  =  the  negative  logarithm  of  the  concentration  of  antagonist 
that  requires  2-fold  higher  concentration  of  agonist  to  release  LH  from  rat  pituitary  cells. 
cED;o  =  the  effective  dose  of  antagonist  that  gives  50 %  of  maximal  release  of  histamine 
from  rat  peritoneal  mast  cells.  Abu  =  amino  butyric  acid.  Pro(OH)  =  4-hydroxyproline. 
Pi  pec  =  pipecolic  acid.  Aze  =  azetidinecarboxylic  acid.  Tic  =  1,2,3 ,4-tetrahydro-3- 
isoquinolinecarboxylic  acid.  dRef  3. 
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These  results  show  for  the  first  time  that  the  propensity  of  LHRH  antagonists 
to  release  histamine  can  be  decreased  solely  as  the  result  of  a  backbone  restriction 
caused  by  N-roethylation  of  position  8  or  by  increasing  the  side  chain  bulk  at 
position  7.  This  finding  also  indicates  that  HR  can  be  suppressed  not  only  by 
varying  the  physicochemical  properties  of  antagonists,  but  also  by  restricting 
conformation.  Substitution  of  NMeTy^-SB-TS,  2,  with  Lysflsp)8  yielded  antagonist 
9,  which  was  very  efficacious  both  in  vitro  and  in  vivo  (Figure  1). 


NMeTyr5Ly(lsp)8-SB-75  (9) 


lime  (h) 

Fig.  1.  Testosterone  suppression  in  rats  by  infusion  far  3  days  at  3.6  pg/kg/hr 
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Introdaction 

Tachyplesins  I  and  II  and  polyphemusins  I  and  II  are  antimicrobial  peptides 
isolated  from  the  acid  extracts  of  die  hemocytes  of  the  Japanese  horseshoe  crab 
( Tackypleus  tridentaius)  and  the  American  horseshoe  crab  ( Limulus  polyphemus )  [1, 
2).  Tachyplesin  I  was  also  shown  to  have  antiviral  activity  against  human 
immunodeficiency  virus  type  1  [3].  However,  its  cytotoxicity  is  relatively  strong. 
Problems  in  reducing  the  cytotoxicity  as  well  as  in  potentiating  the  anti-HIV  activity 
has  remained  to  be  further  improved.  In  the  present  study,  we  synthesized  more  than 
20  peptides  through  modification  of  tachyplesin  or  polyphemusin  (Figure  1)  and 
evaluated  their  abilities  to  suppress  the  replication  of  HTV  in  vitro.  Among  these 
peptides,  we  found  that  T22  ([Tyr312,  Lys2]-polyphemusin  II)  showed  strong  anti- 
HIV  activity  and  relatively  low  cytotoxicity.  11111$,  we  determined  the  solution 
structures  of  T22  by  NMR  to  disclose  the  relationship  between  the  conformation  and 
the  expression  of  anti-HIV  activity. 

Results  and  Discussion 

Table  1  summarizes  anti-HIV  activity  of  the  native  tachyplesins  and  their 
analogs.  The  anti-HTV  activity  was  evaluated  on  the  basis  of  protection  of  virus- 
induced  cytopathogenicity  in  MT-4  cells  by  the  MTT  method  [4].  Tachyplesin  I, 
tachyplesin  II,  polyphemusin  I  and  polyphemusin  II  inhibited  HTV- 1 -induced 
cytopathic  effects  (CPE).  However,  their  antiviral  activity  was  only  seen  at  the 
concentration  of  3  to  17  times  lower  than  their  cytotoxic  concentration.  The  results 
of  structure-activity  relationship  study  of  T5-T10  indicated  that  Tip2  and  the  major 
disulfide  ring  are  essential  to  the  inhibition  of  viral  replication.  T1 1,  T14  and  T1S 
strongly  inhibited  HTV-l-induced  CPE.  The  anti-HIV  activity  of  T12  or  T13  was 
weaker  than  that  of  Tl  1,  indicating  the  importance  of  the  N-terminal  Arg  residue. 
Especially,  50%  effective  concentration  of  T22  was  0.008  tig/ml.  Its  selectivit 
index  (ratio  of  CCjo  to  ECjo)  was  6700.  This  value  was  comparable  to  that  of  AZT. 
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T1 1,  T14,  T15  and  T22  have  two  repeat*  of  Cys-Tyr-Arg-Lys-Cys  and  two  disulfide 
bonds.  This  unique  structure  seems  to  be  closely  related  with  high  anti-HIV  activity. 


tachyplesin  1 
tachyplesin  II 
polyphemusin  I 
polyphemusin  II 
T5 
T6 
T7 
T8 
T9 
T10 
TU 
T12 
T13 
TI4 
T15 
T22 


NH2-K-W-C-F-R-V-C-Y-R-G-I-C-Y-R-R-C-R-CONH2 

NH2-R-W-C-F-R-V-C-Y-R-G-I-C-Y-R-K-C-R-CONH2 

NH2-R-R-W-C-F-R-V-C-Y-R-G-F-C-Y-R-K-C-R-CONH2 

nh2-r-r-w-c-f-r-v-c-y-k-g-f-c-y-r-k-c-r-conh2 

nh2-w-c-f-r-v-c-y-r-g-i-c-y-r-r-c-r-conh2 

nh2-c-f-r-v-c-y-r-g-i-c-y-r-r-c-r-conh2 

nh2-k-f-c-f-r-v-c-f-r-g-i-c-f-r-r-c-r-conh2 

NH2-K-W-C-F-R-V-C-F-R-G-I-C-F-R-R-C-R-CONH2 

nh2-k-w-c-f-r-v-a-y-r-g-i-a-y-r-r-c-r-conh2 

nh2-k-w-a-f-r-v-a-y-r-g-i-a-y-r-r-a-r-conh2 

NH2-R-W-C-Y-R-K-C-Y-R-G-I-C-Y-R-K-C-R-CONH2 

nh2-w-c-y-r-k-c-y-r-g-i-c-y-r-k-c-r-conh2 

nh2-a-w-c-y-r-k-c-y-r-g-i-c-y-r-k-c-r-conh2 

nh2-r-w-c-y-r-k-c-y-k-g-i-c-y-r-k-c-r-conh2 

nh2-r-w-c-y-r-k-c-y-k-g-f-c-y-r-k-c-r-conh2 

nh2-r-r-w-c-y-r-k-c-y-k-g-y-c-y-r-k-c-r-conh2 


Fig.  I.  Structure  of  tachyplesin  I,  its  isopeptides  and  their  analogs. 


In  order  to  understand  th  -chanism  of  the  expression  of  strong  anti-HIV 
activity,  knowledge  of  the  soliu  i  structure  of  T22  was  requited.  The  solution 
structure  of  T22  was  investigated  using  NMR.  From  the  information  of  NOE,  the 
coupling  constants,  the  amide  proton  exchange  rates  and  the  chemical  shifts,  we 
concluded  that  the  secondary  structure  of  T22  resembles  that  of  tachyplesin  I  [5],  T22 
is  composed  of  an  antiparallel  (J-sheet  structure  with  a  type  II  fl-turn  [Figure  2]. 
Although  the  difference  of  sequence  between  natural  polyphemusin  II  and  T22  was 
only  three  amino  acid  residues,  T22  showed  two  hundred  times  stronger  anti-HIV 
activity  than  polyphemusin  II.  The  side  chains  of  these  three  amino  acids  protrude  in 
the  same  direction  from  the  plane  of  the  0-sbeet.  This  side  of  the  plane  may  be 
related  to  the  expression  of  high  activity,  ami  the  replacement  of  the  three  amino  acid 
residues  (Phei-Tyr,  Val7-Lys,  Phe12-Tyr)  is  thought  to  affect  the  interaction  with  the 
target  material,  which  is  not  identified  yet  The  increase  of  positive  charges  may  also 
influence  the  interaction.  Taking  its  high  anti-HIV  activity  and  high  selectivity 
index  into  consideration,  it  is  concluded  that  T22  has  the  potency  to  become  an 
attractive  candidate  compound  for  the  chemotherapy  of  HIV  infection.  The  results 
from  this  conformation  analysis  will  aid  us  in  disclosing  the  reason  for  the  high 
activity  of  T22,  and  possibly  lead  to  rational  designs  of  drugs  possessing  higher 
activity. 
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Table  1  Anti-HIV  activity  of  tachyplesin  l,  its  isopeptides  and  their  analogs 


Compound 

ECjo  (pg/ml) 

CCjo  (jig/ml) 

S.I.  (CCjt/ECso) 

tachyplesin  I 

8.4 

29 

3 

tachyplesin  n 

6.6 

36 

5 

polyphemusin  I 

5.9 

34 

6 

polypbemusin  □ 

1.9 

33 

17 

T5 

8.8 

37 

4 

T6 

>100 

38 

<1 

T7 

>100 

31 

<1 

T8 

5.4 

27 

5 

T9 

5.8 

31 

5 

T10 

>500 

109 

<1 

TU 

0.35 

39 

113 

T12 

6.9 

206 

30 

T13 

6.9 

300 

44 

T14 

0.18 

52 

300 

T15 

0.087 

53 

600 

T22 

0.008 

54 

6700 

dextran  sulfate 

AZT 

0.76 

0.0014 

>1000 

2.89 

>1316 

2038 

Fig.  2.  Schematic  representation  of  the  structure  of  T22  deduced  from  the  information 
from  NMR  analysis.  The  observed  interstrand  NOE  connectivities  between  NH  and  CaH 
protons  are  shown  by  arrows.  The  hydrogen  bonds  deduced  from  slowly  exchanging  amide 
protons  are  exhibited  by  dashed  lines. 
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Introduction 

In  our  search  for  a  potent  reduced-size  ANF  analogue  we  guided  our  synthetic 
work  on  models  for  the  bioactive  conformation  of  ANF  which  initially  was  derived 
from  the  spectroscopic  evidence  about  the  conformation  of  mainly  ANF(5-28)  (1)  in 
solution  and  subsequently  refined  in  accordance  with  additional  information  from 
biological  activities  of  our  synthetic  ANF  analogues. 

Results  and  Discussion 

In  the  presence  of  lipid  bilayers,  CD  [1]  and  FT-IR  [2]  spectroscopic  data  show 
that  ANF(5-28)  mainly  adopts  a  0-sheet-like  or  extended  structure,  some  turn 
structure  and  only  little  if  any  a-helical  structure.  We  proposed  that  ANF(7-28) 
upon  receptor-binding  might  adopt  an  extended  structure  with  0- turns  at  Asp,3Arg14 
and  Cys23Asn24.  These  turns  segregate  the  hydrophobic  and  hydrophilic  residues 
(except  for  Ser19)  at  opposite  faces  of  the  ANF  ring  and  pack  the  hydrophobic 
residues  of  the  otherwise  extended  C-terminus  against  this  hydrophobic  surface 
(Figure  1A).  The  suggested  packing  of  the  C-terminus  led  to  the  synthesis  of  4-6 
(Table  1)  for  which  we  propose  that  the  essential  Arg27  [3]  might  be  mimicked  by  a 
replacement  of  Gly20  by  Arg  or  D-Arg.  The  most  potent  analogue  4  maintains 
-25%  of  the  potency  of  1  in,  both,  a  rabbit  renal  artery  assay  and  a  rat  diuretic  assay; 
and  is  almost  100  fold  more  potent  than  3  on  the  renal  artery. 

Furthermore,  we  found  that  Arg4  could  be  mimicked  by  a  replacement  of  Ala17 
by  Arg  leading  to  the  synthesis  of  7  and  8  which  showed  improved  renal  activity  and 
unchanged  diuretic  properties  as  compared  to  4  and  5  (Table  1).  The  spatial 
proximity  proposed  between  Arg4  and  Ala17  and  between  Arg27  and  Gly20  suggested 
a  particular  folding  of  2  at  the  receptor.  A  refined  model  for  the  bioactive 
conformation  of  7  (Figure  IB)  was  derived  from  the  proposed  folding  of  2  by 
removal  of  the  exocyclic  termini  and  proper  mutations  in  the  ring  structure.  Based 
on  this  model,  we  synthesized  the  potent  analogues  9  and  10  (Table  1)  with 
additional  truncations  in  the  Gly22,Cys23,Cys7  segment.  9  and  10  are  both  more 
potent  than  the  endogenous  peptide  hormone  and  are  to  the  best  of  our  knowledge  the 
most  active  ANF  analogues  of  this  size  known  today. 
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Table  1  Relative  biological  activities  o/ANF  analogues 


ANF  analogue 

rabbit  renal  artery 

rat  diuresis 

1  ANF(5-28) 

1 

1 

2  ANF(4-28) 

5 

1 

3  Ac-ANF(7-23)-NH2 

0.003 

0.1 

4  [D-Arg20,Phe21]Ac-ANF(7-23)-NH2 

0.2 

0.3 

5  [  Arg20J*he2 1  ] Ac- ANF(7 -23)-NH2 

0.05 

0.04 

6  (Arg20)Ac-ANF(7-23)-NH2 

0.03 

- 

7  [Arg‘7,D-Arg20,Phe21]Ac-ANF(7-23)-NH2 

1.8 

0.2 

8  [Arg'7,Arg2®Phe21]Ac-ANF(7-23)-NH2 

0.3 

0.04 

9  [D-Cys7Arg17,D-Arg20,Phe2l,Cys22]- 

Ac-ANF(7-22)-NH2 

10 

1 

10  [Mercaptopropionyl7,Arg17,D-Arg20,Phe21,Cys22] 

- 

ANF(7-22)-NH2 

16 

1 

A 


Fig.  1.  Hypothetical  models  for  the  bioactive  conformation  of  Ac-ANF(7-28)  (A)  and  of 
[Arg,7.D-Arg20.Phe2,)Ac-hANF(7-23)-NH2  (B).  50  ps  molecular  dynamics  simulation  at 
300  K  and  energy  minimization  has  been  applied  on  both  models  to  remove  unfavorable 
intra-molecular  interactions.  The  peptide  backbones  are  shown  as  Ca-traces.  All 
hydrogen  atoms  are  invisible. 
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Introduction 

We  have  isolated  two  highly  cationic  peptides,  named  bactenecins,  which 
represent  a  new  family  of  Pro/Arg-rich  antibiotics  [1],  They  are  termed  Bac5  and  Bac7 
from  their  respective  molecular  weight  of  5  and  7  kDa,  and  both  efficiently  kill 
various  gram  negative  and  gram  positive  bacteria  in  vitro.  These  peptides  are  stored 
as  inactive  proforms  in  the  so  called  large  granules  of  bovine  neutrophils,  and  are 
activated  by  proteolytic  removal  of  the  pro  region  by  elastase  [2,  3].  Their  sequence  is 
characterized  by  a  highly  cationic  N-terminal  portion,  followed  by  frequent  repeats  of 
the  Arg-Pro-Pro-X  (Bac5)  or  Pro-Arg-Pro-X  (Bac7)  motifs,  where  X  are  hydrophobic 
residues  (Figure  1).  Moreover,  in  Bac7,  these  motifs  are  arranged  in  three  tandemly 
repeated  tetradecamers  from  residues  15  to  56  [4],  This  unusual  primary  structure 
prompted  us  to  investigate  which  characteristics  (e.g.,  charge  distribution,  repeats) 
were  necessary  for  the  antibacterial  activity.  To  this  end,  we  chemically  synthesized  a 
series  of  fragments  covering  the  whole  sequence  of  both  peptides  (Figure  1),  and 
tested  their  antibacterial  and  membrane  permeabilizing  activities. 


L.  -  =1 - tH  .  "■  -1 

Bac5  RFRPPIRRPPIRPPFYPPFRPPIRPPirPPIRPPrWPLGPrp 

1  io  20  30  40  50 

Bac7  RRIRPRPPRLPRPRPRPLPFPRPGPRPIPRPLPrPRPGPRPIPRPLPrPRPGPRPIPRP 


3 


Fig.  I.  Sequences  of  Bac5  and  Bac7  and  schematic  representation  of  synthesized 
fragments. 
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Results  and  Discussion 

A  series  of  fragments  of  Bac5  and  Bac7  were  synthesized  by  the  solid  phase 
method,  using  Fmoc-amino  acid  derivatives,  and  purified  by  RPHPLC.  Amino  acid 
analysis  and  mass  spectrometry  indicated  that  the  peptides  had  the  expected 
composition  and  were  obtained  with  a  high  degree  of  purity  and  excellent  yield. 

The  antibacterial  activity  of  the  fragments  was  compared  to  that  of  the  parent 
peptides  using  die  minimal  inhibitory  concentration  assay  (MIC),  which  determines 
the  minimal  concentration  at  which  no  bacterial  growth  is  observed.  We  tested  the 
peptides  against  several  gram  negative  and  gram  positive  bacteria,  including 
Escherichia  coli,  Bacillus  megaterium  (Table  1),  Salmonella  typhimurium,  Serratia 
marcescens  and  Staphylococcus  epidermidis  (not  shown). 


Table  1  Antibacterial  and  membrane  permeabilization  activities  of  Bac5,  Bac7  and 
related  synthetic  peptides 


PEPTIDE  #  of  residues 

positive* 

charges 

MIC  (pM)b 

E.  coli  B.  megaterium 

permeabilization0 

BacS 

43 

10 

1 

2 

0.44 

Arg+1-31 

32 

9 

0.5 

2 

0.36 

1-31 

31 

8 

1.0 

20 

0.21 

1-25 

25 

8 

1.0 

50 

0.12 

1-18 

18 

6 

40 

160 

1-15 

15 

6 

80 

>160 

4-31 

28 

6 

>100 

>100 

4-18 

15 

4 

>160 

>160 

19-43 

25 

5 

>200 

>200 

<0.01 

Bac7 

59 

18 

0.5 

1 

0.33 

1-35 

35 

12 

0.25 

0.5 

0.25 

1-23 

23 

10 

0.5 

2.0 

0.09 

l-23am 

23 

10 

1.0 

2.0 

0.20 

acl-23am 

23 

9 

2.0 

10 

<0.08 

l-23am  (all-D) 

23 

10 

2.0 

5 

1-18 

18 

9 

1.0 

10 

<0.05 

1-4+29-56 

32 

10 

10 

80 

1-15 

15 

8 

20 

160 

29-56d 

28 

7 

>100 

>100 

5-23 

19 

7 

100 

>160 

<0.05 

1-13 

13 

7 

>200 

>200 

"Includes  that  of  the  N-terminus;  bMinimal  inhibitory  concentration,  obtained  by  serial 
dilution  of  peptides  into  microtiter  wells  containing  the  bacteria,  16  hr  incubation  at  37*C 
and  determination  of  the  minimal  concentration  that  prevented  growth;  repeated  at  least  3 
times  [1];  cGiven  as  the  ratio  of  the  time  required  to  obtain  a  given  absorbance  after 
addition  of  30  pg/ml  of  peptide  to  that  required  to  reach  the  same  absorbance  after 
sonication  (100%  permeabilization);  identical  to  Bac7(  15-42);  am  =  amidated;  ac  = 
acetylated. 
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The  results  show  that  the  highly  cationic  N-terminal  portion  of  Bac5  or  Bac7  is 
essential  for  antibacterial  activity  and,  given  its  presence,  a  minimum  length  of  18-20 
residues  is  required.  Thus,  removal  of  only  four  residues  (RRIR)  from  the  N-terminus 
of  Bac7(l-23)  markedly  reduces  its  activity  [see  Bac7(5-23)],  while  the  shorter 
fragment  1-18,  conserving  the  RRIR  sequence,  shows  an  activity  comparable  to  that 
of  Bac7.  Similarly,  removing  RFR  from  the  N-terminus  of  Bac5(l-31)  virtually 
eliminates  its  activity  [see  Bac5(4-31)].  The  relatively  long  C-terminal  fragments 
Bac5(  19-43)  and  Bac7(29-56)  arc  inactive,  but  the  activity  of  the  latter  can  be  partially 
recovered  by  adding  the  RRIR  motif  to  its  N-terminus  [see  Bac7(l-4  +  29-56)].  The 
importance  of  positive  charge  is  further  emphasized  by  the  fact  that  addition  of  a 
single  Arg  residue  to  the  N-terminus  of  Bac5(l-31)  doubles  its  activity  [see 
Bac7(Arg+l-31)],  while  N-terminal  acetylation  of  the  Bac7(l-23am)  causes  a  slight 
reduction  of  its  activity.  We  have  also  found  that  in  the  case  of  Bac7(l-23am),  the  all- 
D  enantiomer  maintains  a  comparable  activity.  Apart  from  pointing  to  a  means  of 
increasing  resistance  to  proteolytic  degradation,  this  also  indicates  that  the  mode  of 
action  of  these  peptides  is  not  likely  to  be  receptor  based. 

Bac5  and  Bac7,  as  many  other  antibacterial  peptides,  were  found  to  permeabilize 
both  the  inner  and  outer  membrane  of  £.  coli  [5].  The  ability  of  the  synthetic  peptides 
to  permeabilize  the  inner  membrane  was  tested  using  a  lactose  permease-deficient 
strain  (ML-35)  of  E.  coli,  which  constitutively  produces  P-galactosidase  in  the 
cytoplasm.  The  kinetics  of  permeabilization  can  be  followed  by  monitoring  the 
hydrolysis  of  the  substrate  o-nitrophenyl-^-D-galactopyranoside,  accessible  to  the 
enzyme  only  upon  inner  membrane  disruption.  The  activity  of  several  peptides  is 
reported  in  Table  1  as  the  ratio  of  the  time  required  to  obtain  a  given  absorbance  after 
the  addition  of  peptide,  to  that  after  sonication  (100%  permeabilization). 

These  experiments  confirm  the  trends  observed  for  antibacterial  activity,  i.e.  the 
presence  of  the  highly  cationic  N-terminal  portion  of  the  peptides  and  a  minimum 
length  of  18-20  residues  is  required.  Moreover  it  appears  that  the  kinetics  of 
permeabilization  is  directly  dependent  on  fragment  length.  For  example, 
permeabilization  velocity  decreases  in  the  order  Bac7>Bac7(l-35)>Bac7(l-23). 
Interestingly,  amidation  of  Bac7(l-23)  increases  the  velocity  to  a  value  comparable  to 
that  of  Bac7(  1-35). 

In  conclusion,  by  synthesizing  a  set  of  peptides  of  different  length,  covering  the 
whole  sequence  of  Bac5  or  Bac7,  we  have  pinpointed  those  factors  which  determine 
their  antibacterial  activity.  This  information  is  being  used  in  ongoing  studies  on  the 
structure  of  these  peptides,  their  mode  of  interaction  with  bacterial  membranes,  and  in 
designing  peptides  for  biotechnological  uses. 
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Introduction 

The  venom  components  and  antivenin  of  Russell's  viper  have  been  considered 
as  medically  important  because  the  snake  caused  more  deaths  than  any  other  snake  in 
Southeast  Asia  and  India  [1, 2].  The  major  symptoms  of  envenomation  by  Russell's 
vipers  are  consumptive  coagulation  and  neurotoxic  signs  [3-5].  We  have  previously 
found  that  die  phospholipase  (PLAj)  from  the  venom  of  Vipera  russelli  (V.  r.) 
formosensis  was  a  neurotoxic  heterodimer  RV-4:RV-7  (1:1)  [5],  designated  as 
russtoxin  hereafter.  The  venoms  of  the  other  Russell's  vipers  were  found  containing 
many  PLAj  isoforms  [5,  6],  but  their  amino  acid  sequences  have  not  been  studied. 
The  objective  of  this  study  is  to  identify  the  presence  of  russtoxin  in  other  species  of 
Russell's  vipers,  and  analyze  how  the  acidic  subunit  of  russtoxin  affects  the  biologic 
function  of  the  basic  subunit. 

Results  and  Discussion 

We  compared  venom  proteins  of  four  species  of  Russell's  vipers:  V.  r. 
formosensis  from  Taiwan,  V.  r.  pulchella  from  Sri  Lanka,  V.  r.  russelli  from  India 
and  Pakistan,  and  V.  r.  siamensis  from  Thailand.  Each  of  these  venoms  was 
separated  into  three  major  fractions  by  Sephadex  G100  gel  filtration  column.  The 
PLA2s  found  in  the  major  peak  were  further  purified  by  CIg  RP-HPLC  (Figure  1). 
After  confirmation  of  their  purity  by  both  Cg-RP-HPLC  re-chromatography  and 
SDS-PAGE,  the  purified  PLAjS  were  subjected  to  automated  protein  sequencing  up 
to  the  40-50  residues.  Based  on  their  sequences  the  PLA^  could  be  categorized  into 
several  groups.  Table  1  lists  two  of  the  sequence  groups.  We  found  that  the  venoms 
of  V.  r.  russelli  and  V.  r.  siamensis  contained  russtoxin  subunits  similar  to  those 
obtained  from  V.  r.  formosensis.  R3  and  S4  were  very  similar  if  not  identical  to  F7 
(i.e.  RV-7  [5]);  R2  and  S2  were  also  similar  or  identical  to  F4  (i.e  .RV-4  [5])  except 
that  the  HPLC -elution  times  of  R2  and  S3  differed  slightly  from  those  of  F4  and  S2 
(Figure  1). 

The  enzymatic  activity  of  R2  was  slightly  higher  than  F4,  while  both  F7  and 
R3  showed  much  lower  catalytic  activities  (only  about  1/150  those  of  F4  or  R2). 
The  complexes  of  R2/R3  (1:1)  and  F4/F7  (1:1)  had  a  similar  LDg,  (i.v.)  of  0.15  pg/g 
mice,  and  at  0.3-0.6  pg/ml  they  effectively  blocked  the  contraction  of  chick  biventer 
cervicies  tissue  [5].  Therefore,  Russtoxin-like  molecules  exist  in  all  of  the  three 
Russell's  vipers  studied.  In  contrast,  the  venom  of  V.  r.  pulchella  contains  a  differert 
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set  of  PLAj  isoforms.  This  conclusion  was  also  confirmed  by  immunochemical 
analysis  using  antisera  prepared  from  purified  F4  and  F7  as  antigens. 


Elution  time(min) 

Fig.  1.  RP-HPLC  of  the  PLAj-containing  fractions  from  Sephadex  G-100.  A  Chemcosorb 
Cjg-RP  column  (ODS-H,  5  pm,  1  x  25  cm)  was  used  to  isolate  the  PLAj  isoforms  from  the 
four  viper  species.  Solvent  A  was  0.07 %  TFA  in  H2O,  solvent  B  was  0.07%  TFA  in 
CH3CN,  and  the  elution  was  by  a  linear  gradient  25-50%  of  solvent  B  over  36  min  at  a 
flow  rate  of  2  ml/min. 

R2  alone  was  much  less  neurotoxic  toward  the  chick  tissue  than  F4  but  the  1:1 
complex  of  R2  with  R3  or  F7,  was  as  toxic  as  the  F4/F7  complex.  We  therefore 
determined  the  amino  acid  sequence  of  R2  by  endoproteinase  fragmentation  followed 
by  automated  N-terminal  sequencing  of  the  fragments.  The  complete  amino  acid 
sequence  of  R2  differed  from  that  reported  for  F4  [5]  by  only  5  substitutions  at  the 
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C-terminal  region:  the  substitution  in  R2  with  respect  to  F4  are:  E116R,  K12SY, 
and  E131K  besides  two  semiconserved  changes  of  S124Y  and  R129K.  Among  these, 
K12SY  probably  is  an  important  factor  responsible  for  the  low  neurotoxicity  of  R2 
since  region  1 19-128  has  been  suggested  to  be  a  part  of  the  neurotoxic  site  [5], 

Table  1  The  N-terminal  amino  acid  sequences  of  russtoxin-related  PLA2s  from 
Russell’s  vipers:  V.  r.  formosensis,  V.  r.  russelli  and  V.  r.  siamensis 


PLA2  10  20  30  40  50 

F4  NLFQFARMINGKLGAFSVWNYISYGCYCGWGGQGTPKDATDRCCFVHDCC 
R2 

52 

53  DA  QE  F  K 


F7  NLFQFGEMILEKTGKEVVHSYAIYGCYCGWGGQGRAQDATDRCCFVHDCC 

R3 

S4 


Abbreviations  of  PLA2  were  as  in  Figure  1.  In  both  groups  of  the  PLA2s  only  the  first 
sequence  and  the  residues  different  from  the  first  are  shown. 

The  acidic  subunits  of  russtoxin  (F7  or  R3)  inhibited  the  enzymatic  activity  of 
the  basic  subunit  (F4  or  R2)  toward  phospholipid  substrates  and  also  protected  it 
against  inactivation  by  p-btomophenancyl  bromide.  However,  the  acidic  subunits 
increased  the  lethality  and  neurotoxicity  of  the  basic  subunits  in  the  chick-neck  tissue 
[5].  It  is  suggested  that  the  acidic  subunit  protects  the  basic  subunit  from  non¬ 
specific  binding,  and  facilitates  its  targeting  for  certain  neuronal  receptors. 
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Introduction 

Glucagon  is  a  29-residue  peptide  hormone,  which  together  with  insulin  is 
responsible  for  maintaining  basal  glucose  concentrations  critical  for  survival.  It  is  a 
prominent  member  of  a  family  of  peptides  that  includes  secretin  and  VIP,  with  which 
it  shares  remarkable  sequence  similarity.  Not  surprisingly,  the  glucagon  receptor 
sequence  deduced  from  its  cDNA  [1]  also  bears  resemblance  to  a  subset  of  G  protein- 
coupled  receptors  whose  striking  feature  is  a  large  extracellular  domain  which 
presumably  contains  the  ligand  binding  site.  The  structural  criteria  by  which  these 
receptors  recognize  their  ligands,  as  well  as  the  events  that  trigger  the  subsequent 
generation  of  the  transmembrane  signal  are  gradually  being  defined  by  structure 
function  analyses  of  the  hormone,  utilizing  solid  phase  peptide  synthesis.  Our 
previous  work  has  established  that  Asp9  and  His1  are  important  residues  for 
transduction  of  the  glucagon  response  [2,  3],  Extensive  investigation  of  all  four 
serine  residues  in  the  sequence  led  to  the  observation  that  Ser16  also  contributed 
significantly  to  adenylate  cyclase  activation  [4,  5],  Thus,  we  have  proposed  that, 
upon  binding,  the  resulting  hormone-receptor  complex  acquires  serine  protease-like 
activity,  and  that  the  His* ,  Asp9,  and  Ser16  residues  of  glucagon  constitute  an  active 
site  triad  that  mediates  a  proteolytic  event  that  triggers  the  signaling  cascade.  The 
hydroxyl  groups  of  Ser2  and  Ser8  provide  a  binding  determinant  so  that  substitution 
led  to  decreases  in  receptor  binding  and  consequently,  to  decreased  activity. 
Interestingly,  Ser1 1  has  an  influence  on  binding.  Replacement  of  Ser1 1  by  a  more 
hydrophobic  residue  such  as  Ala  or  Thr  increased  binding  3  to  5  fold,  while  the  effect 
on  signal  transduction  was  minimal  [4,  5].  Utilizing  data  from  these  structure 
function  studies,  we  designed  and  synthesized  a  series  of  nine  new  analogs  that 
incorporated  at  least  two  and  as  many  as  four  replacements  of  the  putative  active  site 
residues.  Some  of  the  derivatives  are  the  most  potent  glucagon  antagonists  to  date. 

Results  and  Discussion 

Nine  replacement  analogs  of  glucagon  amide  were  synthesized  by  the  solid 
phase  peptide  method  on  an  Applied  Biosystems  synthesizer.  We  designed  these 
derivatives  based  on  the  presumption  that  substitution  of  at  least  two  of  the  active 
site  residues  should  lead  to  inactive  analogs  that  might  still  bind  to  the  glucagon 
receptor.  In  addition,  we  combined  these  changes  with  Ala"  and  a  deletion  of 


467 


C.G.  Unson  et  al 


Biologically  Active  Peptides 


histidine  at  position  1.  All  of  the  peptides  were  assayed  for  their  receptor  binding 
affinity  and  potency  in  the  activation  of  adenylate  cyclase. 

Table  1  Position  1,  9,  11,  A  16  replacement  analogs 


Analog  of  Membrane  Adenylate  cyclase  activity 


glucagon  amide 

binding,  % 

%  Relative 
potency* 

(I/A)sob 

pA2c 

Glucagon  amide 

100 

15 

1 

Nle’Ala16 

56.2 

.038 

3.2 

8.2 

2 

Ala1 ‘Ala* 6 

100 

1.34 

- 

- 

3 

AlanAsn16 

49 

1.1 

- 

- 

4 

Ala1 ‘Gin16 

60.3 

12 

- 

- 

5 

Nle9Ala,1Ala16 

26.3 

<0.0012 

3.8 

8.8 

6 

des-His1Nle9Ala16 

100 

<0.001 

2.14 

8.4 

7 

des-His1  Ala' ‘Ala16 

28.2 

<0.007 

19.1 

7.0 

8 

des-His1  Ala1  ‘Asn16 

22.4 

.014 

9.5 

8.0 

9 

des-His‘Nle9Ala11Ala16 

100 

<0.0043 

0.85 

8.4 

■Relative  potency  is  the  ratio  (xlOO)  of  the  concentration  of  natural  glucagon  to  the 
concentration  of  analog  which  gives  50%  of  maximum  response  of  analog. 
b(I/A)jo,  the  inhibition  index,  is  the  ratio  of  inhibitor  concentration  to  agonist 
concentration  when  the  response  is  reduced  to  50%  of  the  response  of  agonist  in  the 
absence  of  inhibitor. 

cpA2  is  the  negative  logarithm  of  the  concentration  of  inhibitor  that  reduces  the  response 
to  1  unit  of  agonist  to  the  response  obtained  from  0.5  unit  of  agonist. 

In  general,  as  predicted.  Table  1  shows  that  all  of  the  active-site  replacement 
analogs  retained  very  good  receptor  binding  affinities  ranging  from  22%  to  100%. 
Any  two  modifications  of  the  His1  Asp9  Ser16  triad,  as  in  Nle9Ala16.  analog  1 
reduced  the  relative  activity  in  the  adenylate  cyclase  assay  to  2500  times  less  than  the 
natural  hormone,  or  375  times  less  than  glucagon  amide.  Analogs  2*4  that 
combined  an  Ala11  substitution  with  a  Ser16  replacement  had  partial  agonist  activity 
and  thus  were  not  glucagon  antagonists.  Not  unexpectedly,  a  deletion  of  position- 1 
histidine  improved  the  inhibitory  potential  of  the  analogs.  Notably,  when  His1  was 
deleted  from  analogs  2  and  3,  the  resulting  des-His1  derivatives,  analogs  7  and  8 
woe  converted  to  glucagon  antagonists.  Des-His'Nle9Ala16.  analog  6  bound  better 
and  was  a  slightly  improved  antagonist  than  the  His1 -containing  analog  1. 
Interestingly,  analog  5  [Moved  to  be  the  most  potent  glucagon  antagonist  reported, 
with  an  inhibition  index  (I/A50)  of  3.8  and  a  pA2  value  of  8.8.  The  des-His1 
derivative,  analog  9  has  by  far  the  best  inhibition  index,  0.85  of  any  reported 
antagonist. 

The  contribution  of  position  11  to  the  binding  affinity  of  the  analogs  is  less 
clear.  Previous  analyses  suggested  that  Ser1 1  appears  to  fit  into  a  binding  groove. 
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since  a  more  hydrophobic  functional  group  actually  enhanced  the  hydrophobic 
interaction.  [Alan]glucagon  amide  for  example,  bound  500%  as  well  as  glucagon 
itself  [4, 5].  Analogs  5  and  9  do  not  have  improved  binding  potencies  compared  to 
the  corresponding  analogs  1  and  6  which  have  not  incorporated  alanine  at  position 
11.  However,  notwithstanding  the  role  of  Ala11,  all  four  analogs  are  potent 
antagonists  with  pA2  values  ranging  from  8.2  to  8.8. 

The  observation  that  replacement  of  at  least  two  of  the  active  site  triad  residues 
resulted  in  antagonists  underscores  our  contention  that  the  three  residues.  His1,  Asp9, 
and  Ser16  are  indeed  involved  in  the  activation  step,  and  that  they  must  interact  in 
some  way.  In  close  parallelism  with  a  charge  relay  system,  we  considered  the 
possibility  that  Ser16  behaved  as  a  nucleophile  in  a  serine  protease-like  pathway 
where  His1  accepts  the  hydroxyl  proton  and  is  in  turn  stabilized  by  Asp9.  Our  idea  is 
bolstered  by  the  observation  that  cAMP  production  by  the  glucagon  adenylate  cyclase 
system  was  inhibited  by  serum  protease  inhibitors,  although  at  a  relatively  high 
concentration  [4,  5].  Nevertheless,  the  ability  to  design  potent  antagonists  based  on 
the  putative  active  site  triad  supports  our  finding  that  the  three  residues  are  indeed 
responsible  for  activation  and  not  binding,  and  act  in  a  cooperative  manner. 
Furthermore,  it  is  a  widely  accepted  notion  that  glucagon  is  very  sensitive  to 
alteration  in  its  natural  sequence,  since  the  entire  peptide  is  required  for  binding  and 
full  agonist  activity.  In  our  study,  we  have  been  able  to  design  analogs  with  up  to 
four  points  of  modification  at  positions  1,9,  11  and  16,  which  are  still  recognized  by 
the  glucagon  receptor  and  are  able  to  compete  effectively  with  natural  glucagon  for 
receptor  sites.  These  results  present  new  possibilities  for  the  design  of  glucagon 
antagonists. 
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Introdoction 

Cecropin  A  is  an  antibacterial  peptide  isolated  from  the  hemolymph  of 
silkmoth  pupae  (review  [1]),  and  melittin  is  a  peptide  toxin  isolated  from  the  venom 
of  the  honeybee  [2].  The  solid-phase  synthesis,  and  antibacterial  and  hemolytic 
activities  of  the  cecropin  A-melittin  hybrid  peptide,  all-L  CA(1-13)M(1-13)NH2,  were 
reported  by  Boman,  et  al.  in  1989  [3],  and  those  of  its  D-enantiomer  by  Wade,  et  al. 
in  1990  [4],  A  two-dimensional  'H-NMR  (2D-NMR)  structure  for  the  all-L  hybrid 
was  reported  by  Sipos  et  al.  in  1991  [5J  (Figure  1).  The  all-L  and  all-D  hybrids  had 
increased  antibacterial  and  decreased  hemolytic  activities  with  respect  to  the  all-L  and 
all-D  parent  peptides,  cecropin  A  [CA(1-37)NH2J  and  melittin  [M(1-26)NH2].  In 
addition,  the  antibacterial  and  hemolytic  activities  of  the  all-L  and  all-D  enantiomeric 
pair  were  very  similar  against  both  Gram-positive  and  Gram-negative  bacteria,  and 
erythrocytes  (Table  1),  indicating  that  bioactivity  did  not  involve  interaction  with 
chiral  receptors. 

K-W-K-L-F-K-K-1-E.K.V-G-O-G-l-G.A.V-L-K.V.L-T.T.G.L-CONH, 
a-helix  a-helix 

Fig.  I.  Primary  structure  of  the  cecropin  A-melittin  hybrid,  CA(1-13)M(1-13)NH2,  The 
N-terminal  half  of  the  peptide  consists  of  residues  1-13  of  cecropin  A,  and  the  C-terminal 
half  consists  of  residues  1-13  of  melittin  [3J.  2D-NMR  experiments  [5]  indicate  that 
residues  4-12  of  the  cecropin  A  portion  and  3-13  of  the  melittin  portion  are  a-helical 
(underlined),  and  separated  by  a  short  region  of  flexibility. 

Results  and  Discussion 

We  synthesized  an  analog  of  the  all-D  hybrid  in  which  D-Ile  residues  were 
replaced  with  L-He,  at  position  8  of  the  CA(1-13)  segment  and  position  2  of  the  M(l- 
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13)  segment,  and  compared  the  antibacterial  and  hemolytic  activities  of  the  analog 
with  those  of  the  all-D  peptide.  The  analog  had  reduced  activities  (Table  1)  against 
one  Gram-negative  (3-fold  reduced)  and  all  Gram-positive  organisms  (2-50  fold 
reduced),  especially  against  Staphylococcus  aureus  (SaCl). 

We  also  synthesized  single  replacement  analogs  of  the  all-D  hybrid  which  < 

contained  an  L-Ile  replacement  at  either  position  8  of  the  CA(1-13)  segment  or 
position  2  of  the  M(l-13)  segment,  and  compared  their  activities  with  those  of  the 
all-D  hybrid  and  the  double  replacement  analog  (Table  1).  Surprisingly,  the  activities 
of  both  single  replacement  analogs  were  identical,  and  not  significantly  different  from 
the  activities  of  the  all-D  hybrid. 

Circular  dichroism  (CD)  spectra  of  the  single  and  double  replacement  analogs, 
in  20%  hexafluoroisopropanol-water  solution,  showed  that  the  single  replacement 

analogs  had  the  same  content  of  a-helix  as  the  all-D  hybrid,  70%,  whereas  the  double  j 

replacement  analog  had  only  55%  a-helix. 

In  addition,  we  replaced  both  lie's  of  the  all-D  hybrid  with  D-Leu,  a  less 
expensive  isomer,  and  found  that  this  analog  had  slightly  better  bioactivity  than  the 

parent  peptide,  especially  against  Staph,  aureus  (6-fokl  more  active).  | 

A  half-D,  half-L  analog,  DlCA(l-13)]-UM(l-13)]NH2,  was  also  synthesized.  | 

The  antibacterial  activities  of  this  analog,  with  respect  to  those  of  the  all-L  and  all-D 

hybrids,  were  mixed:  activities  woe  17-27  fold  improved  against  E.  coli  (D21),  2-5  l 

fold  reduced  against  P.  aeruginosa  (OT97),  7-10  fold  improved  against  B.  subtilis  j. 

(Bsl  1),  and  28-113  fold  reduced  against  S.  aureus  (SaCl).  f 

None  of  the  new  peptides  caused  hemolysis. 

Table  1  Lethal  and  lytic  concentrations  (pM)  cf  peptides 


Peptide  Amide: 

Gram-Neg.  * 
D21  OT97 

Gram-Positive* 

Bsll  SaCl  Spl 

SRC 

L[CA(l-37)]b 

0.2 

1 

3 

>300 

5 

>200 

D[CA(l-37)]b 

0.3 

0.8 

3 

>300 

2 

>300 

L[M(l-26)]b 

0.8 

3 

0.2 

0.2 

0.5 

4 

D[M(l-26)]b 

1 

2 

0.4 

0.1 

0.9 

2 

L(CA(l-13)M(l-13)]b 

0.5 

1 

0.7 

2 

1 

>200 

D[CA(l-13)M(l-13)]b 

0.8 

2 

1 

8 

0.8 

500 

L-Ile8-D]CA(  1  - 1 3)M(  1-13)] 

0.8 

3.6 

0.9 

6.7 

0.9 

>210 

D[C  A(  1  - 1 3)]-L-Ile2-D{M(l  -13)1 

0.5 

3.2 

0.9 

8.9C 

0.6 

>188 

L-Ile-D[CA(  1  - 1 3)]-L-Ile -D[M(  1-13)]  0.9 

7 

2 

>400 

4 

>400 

D[Leu8-C  A(  1-1 3)-Leu2-M(  1-13)] 

0.5 

1.1 

0.5 

1.3 

0.8 

>195 

D(C  A(  1-1 3)]-L[M(  1-13)] 

0.03 

4.8 

0.1 

226 

0.5C 

700 

*D21,  Escherichia  coli ;  OT97,  Pseudomonas  aeruginosa;  Bsl  1,  Bacillus  subtilis;  SaCl,  0 

Staphylococcus  aureus;  Spl,  Streptococcus  pyogenes;  SRC,  sheep  red  blood  cells.  Small 

values  for  D21,  OT97,  Bsll,  SaCl,  and  Spl  indicate  good  antibacterial  activities,  and  a 

small  value  for  SRC  indicates  that  the  peptide  is  hemolytic.  Two-fold  differences  in 

antibacterial  activities  are  considered  to  be  within  the  range  of  experimental  error.  bData 

from  Ref.  4.  cPlat  concentration  dependence;  values  difficult  to  interpret. 

The  results  for  D[CA(l-13)]-L-De2-D[M(l-13)]NH2can  be  rationalized  by  noting  g 

that  replacement  occurs  in  the  flexible  interhelical  region,  which  may  reduce  a 
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disruptive  effect  on  the  C-terminal  a-helix.  The  results  obtained  with  the  L-Ile8 
analog  were  surprising  because  replacement  of  a  D-  with  an  L-amino  acid  at  position 
8  would  be  expected  to  disrupt  the  a-helix.  Andreu  et  al.  [6]  showed  that  replacing 
lie8  in  cecropin  A  with  helix  disrupting  Pro,  caused  2-50  fold  reductions  in 
antibacterial  activities  against  Gram-negative  and  Gram-positive  bacteria.  However, 
Sipos  et  al.  [5]  found  that  the  N-terminal  a-helix  of  CA(1-13)M(1-13)NH2  was  less 
stable  than  either  the  corresponding  N-terminal  a-helix  of  cecropin  A  [7]  or  die  C- 
terminal  a-helix  of  CA(1-13)M(1-13)NH2.  Therefore,  substituting  an  L-  for  a  D- 
amino  acid  in  this  helix  may  not  be  very  disruptive,  or,  alternatively,  this  helix  may 
simply  be  less  important  than  the  C-terminal  a-helix  for  bioactivity  of  the  hybrid. 

The  secondary  structure  of  the  half-D,  half-L  analog  would  be  expected  to  change 
from  a  left-handed  a-helix  to  a  right-handed  a-helix  in  the  center  of  the  flexible 
region  of  the  peptide,  thereby  minimizing  any  disruptive  effect  on  the  helices. 
However,  the  antibacterial  activities  of  this  analog  were  mixed  with  respect  to  those 
of  the  replacement  analogs,  which  makes  it  difficult  to  speculate  about  possible 
structural  reasons  for  differences  in  activity. 

In  conclusion,  the  reduction  in  antibacterial  activities  and  content  of  a-helix 
seen  with  die  double  replacement  hybrid  cannot  be  accounted  for  by  either  of  the 
single  replacements,  and  may  be  due  to  a  combination  of  the  effects  of  both 
replacements;  a  possible  cooperative  effect.  Molecular  modeling  studies  are  in 
progress  to  determine  if  there  is  any  obvious  structural  basis  for  these  phenomena. 
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Introduction 

Membrane  active  peptides  from  frog  skin  secretion,  such  as  the  magainins 
(MG),  that  specifically  lyse  prokaryotic  cells  [1]  are  class  L  (lytic)  amphipathic 
a  helixes  [2];  other  class  L  peptides  from  bee  and  wasp  stings,  such  as  mastoparan, 
lyse  eukaryotic  as  well  as  prokaryotic  cells  [3].  Since  eukaryotic  cell  membranes 
contain  cholesterol  and  bacterial  cell  membranes  do  not,  interaction  between  the  lytic 
peptide  and  cholesterol  may  be  involved  with  the  specificity  of  the  lytic  activity  of 
these  peptides.  Recent  studies  have  shown  that  some  magainins  adopt  an  a  helical 
structure  in  the  presence  of  phospholipid  and  a  P  structure  in  the  presence  of 
phospholipid  and  cholesterol  [4].  Computer  analysis  [S]  of  naturally  occurring  class 
L  amphipathic  helixes  showed  that  there  is  a  conserved  Glu  residue  on  the  polar/non 
polar  interface  of  the  helix  of  antibiotic  peptides  which  is  not  present  in  the  peptide 
venoms.  This  negatively  charged  Glu  residue  has  the  potential  to  interact  with 
cholesterol  found  in  eukaryotic  membranes.  We  have  also  observed  that  the  bulk  of 
amino  acid  residues  on  the  polar/non  polar  interface  on  the  opposite  side  of  the  helix 
affects  the  hemolytic  activity  of  these  peptides  [6].  We  used  this  information  in  the 
design  model  peptide  analogs  to  study  the  molecular  basis  for  prokaryotic  specificity 
of  peptide-induced  lysis. 

Results  and  Discussion 

Three  peptides,  18LMG  (LGSIWKFIKAFV GGIKKF),  [E,4]18LMG  and  [G5, 
E14]18Lmg  were  synthesized  [7]  and  examined  for  hemolytic  and  bactericidal  activity 
(Table  1).  The  rank  order  hemolytic  activity  was  18LMG  >  [E14]18LMG  > 
[G5,E,4]18Lmg  =  MG-2;  the  rank  order  bactericidal  activity  was  18LMg  > 
[G^E^ISLmq  >  [El4]18LMG  >  MG-2  (Table  I).  Although  the  hemolytic  activities 
of  both  [G3,E14]18LMg  and  MG-2  are  <1%,  [G’.E'^ISLmg  has  4-fold  greater 
bactericidal  activity  than  MG-2.  These  results  indicate  that  a  hemolytic,  bactericidal 
class  L  peptide  can  be  converted  to  a  non-hemolytic,  bactericidal  peptide  by  two 
changes  in  the  hydrophobic  face:  addition  of  Glu  and  reduction  of  "steric  bulk". 

We  have  shown  that  the  presence  or  absence  of  an  interfacial  Glu  residue  in 
these  peptides  determines  the  specificity  of  its  lytic  activity,  perhaps  by  forming  H- 
bonds  with  cholesterol  in  eukaryotic  cell  membranes.  The  bulk  of  interfacial  amino 
acid  residues  on  the  opposite  sick  of  the  helix  determines  the  degree  of  eukaryotic  cell 
lysis. 
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Table  1  Hemolytic  and  antibacterial  activity  of  peptides 


Peptide 

%  Hemolysis* 

18Lmg 

44 

0.03 

[E'^ISLmo 

11 

3.3 

[G53,4]I8Lmo 

<1 

1.4 

Magainin-2  (MG-2) 

<1 

5.6 

•Lysis  of  human  erythrocytes  was  determined  after  incubation  at  37°C  for  10  min  at  a 


peptide  concentration  of  30pM. 

“Lethal  concentrations  (C/)  against  E.coli  D31  were  determined  on  agarose  plates  [8]. 
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Introduction 

Platelet  adhesion  to  the  subendothelium  of  a  damaged  vessel  wall  and  the 
subsequent  platelet  aggregation  are  critical  steps  in  the  beginning  of  uncontrolled 
platelet  deposition  on  thrombogenic  surfaces.  Such  impairments  of  the  vessel  wall 
caused  by,  for  example,  atherosclerosis  may  provoke  vascular  occlusions  resulting  in 
myocardial  infarction  or  cerebral  stroke.  In  the  growth  of  thrombus  the  fibrinogen 
cross-linkings  between  platelets  mediated  via  platelet  fibrinogen  receptor  glycoprotein 
Ilb/IIIa  complex  (gpllb/nia)  were  shown  to  be  essential  [4].  To  block  this  step 
monoclonal  antibodies  against  gpIIb/IIIa  and  the  army  of  analogues  of  fibrinogen 
a-chain  mimicking  Arg-Gly-Asp(RGD)-containing  peptides  were  developed  [1, 2, 3], 

Ac-Gly-Arg-Gly-Asp-Ser-OH  (GRGDS)  is  a  pentapeptide  representing  the 
family  of  RGD-peptides  powerfully  inhibits  platelet  aggregation  induced  by  ADP  and 
by  other  platelet  agonists. 

This  peptide  is  not  only  an  antifibrinogen  agent  but  it  can  block  other  RGD- 
mediated  receptor-ligand  interactions,  e.g.  the  binding  of  fibronectin,  vitronectin,  von 
Willebrand  factor,  thrombospondin,  and  disintegrins  to  their  own  receptor  sites  [6]. 

Although  systematically  administered  RGD-peptide  analogues  successfully 
inhibit  thrombotic  events  in  vivo  investigated  in  animal  models,  and  therefore,  they 
may  have  therapeutical  applications.  There  are  no  data  available  in  the  literature  how 
RGD-peptides  influence  the  tone  of  the  vessel  wall.  In  order  to  obtain  information 
about  the  possible  effect  of  an  RGD-peptide  on  vascular  tissue  we  investigated  the 
vasoactive  properties  and  the  mechanism  of  action  of  GRGDS. 

Results  and  Discussion 

New  Zealand  rabbits  with  1.S-2.S  kg  body  weight  from  either  sex  were  used. 
After  injection  of  500  IU/kg  heparin  into  the  marginal  ear  vein,  the  rabbits  were 
killed  by  blowing  on  the  head.  The  chest  was  opened  immediately,  the  heart  was  cut 
out  to  achieve  exsanguination  and  the  thoracic  aortt  was  excised.  When  the  vessel 
was  carefully  cleaned  from  the  surrounding  connective  tissue,  it  was  cut  with  blades 
into  rings  of  5  mm  in  width.  Before  equilibration  process  the  rings  were  stored  in 
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100  ml  organ  bath  (freshly  made  Krebs-Henseleit  (K-H)  solution,  pH  7.4,  37°C, 
continuously  bubbling  with  a  gas  mixture  containing  95%  02  and  5%  C02). 

During  the  45  min  incubation  periods  the  rings  were  mounted  in  a  recording 
chamber  with  a  volume  of  2  ml  of  K-H  solution  continuously  bubbling  with  the 
above-mentioned  gas  mixture  and  a  resting  tension  of  10  mN  was  applied.  In  order 
to  achieve  perfect  equilibration,  the  K-H  solution  was  changed  every  15  min  and  the 
resting  tension  was  adjusted  continuously  to  10  mN. 

In  some  cases  the  endothelium  was  removed  by  rubbing  with  a  glass  rod 
covered  by  a  cotton  swab. 

In  the  second  part  of  our  investigations  30  min  preincubation  of  rings  was 
performed  with  30  |iM  L-N^nitro- arginine  (LNNA),  the  most  powerful  nitric-oxide 
synthase  inhibitor  prior  to  addition  of  GRGDS. 

Before  beginning  the  experiments  the  rings  were  suspended  in  recording 
chambers  under  similar  conditions  as  described  above  and  were  preconstricted  by 
2.5xl0-7  M  phenylephrine  (Phe).  The  endothelium  was  considered  suitable,  if  the 
amplitude  of  relaxation  caused  by  2.5xlO"7  M  acethylchoiine  (Ach)  was  at  least  50% 
of  the  magnitude  of  contraction  induced  by  Phe.  The  denuded  rings  were  contracted 
after  Ach  administration.  After  washing  a  new  Phe  constriction  was  performed,  and 
GRGDS  was  added  when  the  steady  state  had  been  accomplished. 

The  isometric  tension  was  measured  with  a  force  transducer  (Experimetria, 
Hungary)  connected  to  a  bridge  amplifier  (Mikromed,  Hungary)  and  displayed  on  a 
pen-recorder  (KUTESZ,  Type  175,  Hungary). 

Student's  t  test  for  unpaired  observations  was  used  for  statistical  evaluation  of 
the  data.  The  ICjg  was  calculated  by  fitting  the  logistic  function. 


%  relaxation 


Fig.  1. 
13). 


control  -*~LNNA  trwtad 

( meem&EJO 


degree  of  significance 
•  :  (p«0S) 

••  *  (p0.001) 


Endothelium  dependent  relaxation  caused  by  GRGDS  on  rabbit  aortic  rings  (n 
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1.  When  the  effect  of  GRGDS  on  endothelium  intact  rabbit  aortic  rings 
preconstricted  with  Phe  was  studied,  the  pentapeptide  showed  a  dose-dependent 
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vasorelaxant  activity  in  the  concentration  range  of  10-3  to  4xl(H  M.  The  measured 
maximum  relaxation  amounted  to  81.4813.44%  (n=13,  pcO.OOl).  The  IC50  of 
GRGDS  was  2.74±0.53xl0-JM. 

2.  The  responsiveness  of  denuded  rings  to  GRGDS  was  also  studied.  In  such 
preparations  no  relaxation  was  observed  with  GRGDS  up  to  a  concentration  of  4  x 
104  M. 

3.  Furthermore,  the  effect  of  LNNA  on  GRGDS  induced  relaxation  was  studied. 
3x1  O'3  M  LNNA  decreased  the  maximum  vasorelaxant  effect  of  GRGDS  to 
33.6917.49%  (n=5).  On  the  other  hand  this  effect  of  LNNA  was  completely  reversed 
by  adding  104  M  L-arginine. 

Results  are  shown  in  Figure  1. 

The  data  of  the  present  study  indicate  that  the  pentapeptide  GRGDS  is  a 
powerful  endothelium  dependent  vasodilator,  and  its  action  is  mediated  probably  via 
the  nitric-oxide  pathway. 

It  was  published  previously  that  this  peptide  was  successfully  tested  in  order  to 
prevent  reocclusion  of  dog  coronaries  after  streptolysis  [S,  7].  Our  data  suggest  that 
the  EDRF  released  by  GRGDS  administered  in  platelet  inhibitory  concentration  may 
contribute  to  keep  open  the  recanalized  vessel  not  only  via  the  potentiation  of  the 
platelet  inhibitory  effect  of  GRGDS  but  through  a  direct  vasodilating  action  [8]. 

In  this  phase  of  investigations  we  do  not  know  the  exact  nature  of  the 
endothelial  GRGDS  receptor.  There  are  also  no  published  data  available  concerning 
the  vascular  action  of  other  RGD-peptides.  Undoubtedly,  in  order  to  obtain  more 
information  about  the  new  endothelial  RGD- receptor  we  need  further  investigations. 

The  antifibrinogen  pentapeptide  Ac-GRGDS-OH  is  a  potent  endothelium 
dependent  vasodilator. 
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Introduction 

In  recent  years  there  have  been  many  reports  suggesting  that  the  mechanism  of 
action  of  several  antibacterial  peptides  may  well  involve  their  ability  to  lyse  cells 
through  perturbation  of  the  membrane  bilayer  [1,  2J.  Although  there  is  no  sequence 
homology  amongst  many  of  these  peptides,  they  all  appear  to  be  characterized  by  a 
common  structural  feature  that  is  critical  to  their  antimicrobial  activity  i.e. 
amhipathic  a-helices.  The  amphipathy  of  a  segment  in  a  polypeptide  chain  can  be 
quantitated  through  the  hydrophobic  moment  algorithm  developed  by  Eisenberg  [3], 
Using  this  approach,  Eisenberg  noted  that  a  significant  proportion  of  the  known 
antimicrobial  peptides  could  be  identified  by  their  typically  high  hydrophobic 
moment  <uh>  and  low  hydrophobicity  <H>  values.  We  lave  used  the  algorithm  to 
screen  the  vast  number  of  sequences  in  the  protein  data  base  to  locate  segments  that 
possess  the  hydrophobic  moment  properties  associated  with  the  known  antimicrobial 
peptides.  Here,  we  describe  the  antimicrobial  and  other  properties  of  peptide 
derivatives  of  a  14-residue  segment  derived  from  murine  perforin  [4], 

Results  and  Discussion 

The  14-residue  peptide  derived  from  murine  perforin  (Table  1)  comprises 
residues  191  through  204  of  the  mature  protein.  To  facilitate  intrinsic  fluorescence 
measurements,  Phe  at  position  13  was  replaced  with  Trp.  Additional  substitutions 
included  Asp  to  Lys  (position  1),  Phe  to  Leu  (position  2),  Pro  to  Ala  (position 
10),  Asn  to  His  (position  12)  and  Asn  to  Lys  at  position  14.  The  resulting 
peptide,  P3,  was  more  basic  than  the  wild  type  peptide  (Table  1).  Three  other 
derivatives  were  also  made  to  examine  the  effect  of  increasing  the  hydrophobicity  and 
the  amphipathy  on  the  properties  of  P3  (data  not  shown).  Peptide  P3  in  aqueous 
solution  adopted  a  random  conformation.  However,  in  the  presence  of  acidic 
liposomes  (phosphatidylcholine:phosphaiadic  acid,  3:1),  a  predominantly  a-helical 
structure  was  induced  (Figure  1A).  This  ability  to  form  an  a-helical  structure  was 
lost  in  peptide  P3S,  a  scrambled  derivative  of  P3  with  a  low  hydrophobic  moment. 
All  peptides  exhibited  similar  antifungal  activity  against  two  plant  pathogens  (Table 
1)  albeit  with  a  significantly  reduced  MCIC  value  in  the  case  of  P3S.  However,  the 
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persistence  of  the  activity  suggests  that,  at  least  in  the  case  of  fungal  cells,  the 
juxtaposition  of  basic  charges  may  play  a  significant  role  in  addition  to  the 
am  phi  path  y.  In  antibacterial  assays  the  activity  of  P3S  against  several  g-  and  g+ 


Fig.  I  A.  CD  spectra  of  peptides  in  acidic  liposomes  (PC.PA,  3:1)  or  PBS,  pH  7.4.  •  P3  in 
PBS,  O  P3  in  liposome,  A  P3S  in  PBS,  A  P3S  in  liposome. 

Fig.  IB.  Lipolytic  activity  of  peptides.  Samples  were  prepared  by  mixing  different 
concentrations  of  peptides  with  0.1  mg/ml  acidic  liposomes  containing 
catboxyfluorescein,  and  incubating  for  10  min  at  room  temperature.  O  PS,  ♦  P3S,  A  P3, 
♦  Q3,  mPIO,  O  Q4. 
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bacteria  were  significantly  reduced  (data  not  shown).  The  membranolytic  action  of 
the  peptides  was  evidenced  by  their  ability  to  leach  carboxyfluorescein  from  acidic 
liposomes  encapsulating  the  dye  (Figure  IB).  Significantly,  the  lytic  activity  of  the 
scrambled  peptide  P3S,  was  markedly  reduced.  Furthermore,  the  peptides 
demonstrated  little  or  no  hemolytic  activity  against  rabbit  erythrocytes  at 
concentrations  up  to  SO  pM. 

Table  1  Antifungal  data  for  amphipathic  peptides 


Peptide 

Sequence  (u^ 

F.  gramineanm 
MIC/MCIC(pg/ml) 

F.  moniliforme 

MIC/MCIC(pg/ml) 

Perf. 

DFKKALRALPRNFN  (0. 80) 

P3 

KLKKALRALARHWK(0.78) 

10/20 

5/40 

P3S 

KAHWLRLKALAKRK(0.21) 

40/>80 

1 5/>80 

aub  is  the  averaged  hydrophobic  moment  for  the  whole  sequence;  MIC  is  the  minimum 
inhibitory  concentration  and  MCIC  is  the  minimum  complete  inhibitory  concentration. 


Our  results  suggest  that  it  is  possible  to  design  a  library  of  antimicrobial 
peptides  by  identifying  segments  in  the  protein  sequence  data  base  that  have 
hydrophobic  moment  values  comparable  to  the  other  known  antimicrobial  peptides. 
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Introduction 

Receptor-selective  opioid  antagonists  are  of  interest  as  pharmacological  tools 
and  as  potential  therapeutic  agents.  In  recent  years,  significant  progress  has  been 
made  in  the  development  of  both  peptide  and  non-peptide  antagonists  with  improved 
selectivity  for  each  of  the  three  major  opioid  receptor  types  (p,  5,  k)  (for  a  recent 
review,  see  ref.  [1]).  Among  various  reported  8  antagonists,  the  enkephalin  analog 
N,N-diallyl-Tyr-Aib-Aib-Phe-Leu-OH  (ICI  174864)  shows  considerable  6  receptor 
selectivity  but  only  moderate  potency  [2],  whereas  the  8-selective  non-peptide 
antagonist  naltrindole  is  highly  potent  [3].  However,  naltrindole  also  displayed 
significant  antagonist  potency  against  p  and  k  agonists  in  the  guinea  pig  ileum 
(GPI)  assay  (Kg  values  of  29  nM  and  46  nM,  respectively).  Recently,  we  reported 
the  discovery  of  a  new  class  of  opioid  peptide-derived  5  antagonists  that  contain  a 
tetra-hydroisoquinoline-3-carboxylic  acid  (Tic)  residue  in  the  2-position  of  the  peptide 
sequence  [4],  The  two  prototype  antagonists  were  the  tetrapeptide  H-Tyr-Tic-Phe- 
Phe-OH  (TIPP)  and  the  tripeptide  H-Tyr-Tic-Phe-OH  (TIP).  TIPP  showed  high 
antagonist  potency  against  various  8  agonists  in  the  mouse  vas  deferens  (MVD) 
assay  (Ke  =  3-5  nM),  high  5  receptor  affinity  (Kj®  =  1 .22  nM)  and  extraordinary  8 
selectivity  (Kj^/Kj®  =  1410).  Furthermore,  TTPP  displayed  no  p  or  K  antagonist 
properties  in  the  GPI  assay  at  concentrations  as  high  as  10  pM.  In  comparison  with 
TIPP,  TIP  was  a  somewhat  less  potent  and  less  selective  5  antagonist  Whereas  both 
TIPP  and  TIP  were  stable  in  aqueous  buffer  solution  (pH  7.7)  for  at  least  six  months, 
these  peptides  underwent  slow,  spontaneous  Tyr-Tic  diketopiperazine  formation  with 
concomitant  cleavage  of  the  Tic-Phe  peptide  bond  in  DM  SO  and  MeOH  [5],  Here  we 
describe  a  number  of  TIPP  analogs  with  increased  8  antagonist  potency,  with  further 
improved  8  selectivity  and  with  structural  characteristics  that  prevent  spontaneous  or 
enzymatic  degradation.  Furthermore,  we  systematically  examined  the  effect  of 
halogenation  at  the  3'-position  of  Tyr1  in  TIPP  on  the  intrinsic  activity  ("efficacy"). 
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Results  and  Discussion 

Replacement  of  the  Phe3  residue  with  3-(2'-naphthyl)alanine  (2-Nal)  or  of  the 
Phe4  residue  with  p-nitrophenylalanine  [Phe(pN02)]  produced  Tin*  analogs  that 
retained  about  the  same  antagonist  potency  as  the  parent  peptide  in  the  MVD 
bioassay  but  showed  a  3-fold  improvement  in  5  receptor  selectivity  in  the  opioid 
receptor  binding  assays  (Table  1).  Analogs  containing  tryptophan  or  homo¬ 
phenylalanine  (Hfe)  in  place  of  Phe3  were  2  and  7  times  more  potent  than  TIPP  as 
antagonists,  respectively.  These  compounds  displayed  8  receptor  affinities  in  the 
subnanomolar  range  as  well  as  further  improved  8  selectivities.  Two  other  analogs 
with  subnanomolar  8  antagonist  potency  resulted  from  substitution  of  the  N-terminal 
tyrosine  residue  with  either  N“-methyltyrosine  [TyrfNMe)]  or  3',5'-dimethyltyrosine 
(Dmt).  In  comparison  with  naltrindole,  [Tyr(NMe)1]TIPP  was  about  50%  more 
potent  as  antagonist  against  the  8  agonist  [D-Ala2]deltorphin  I  in  the  MVD  assay  and 
500  times  more  8- selective  in  the  receptor  binding  assays.  [Dmt’JTIPP  showed 
unprecedented  8  antagonist  potency  (Kg  =  0.152  nM),  being  about  4  times  as  potent 
as  naltrindole. 

To  exclude  the  possibility  of  spontaneous  peptide  degradation  via  Tyr-Tic 
diketopiperazine  formation  we  prepared  TIPP-  and  TIP  analogs  that  contain  a  reduced 
peptide  bond  between  the  Tic2  and  Phe3  residues.  The  resulting  pseudopeptide 


Table  1  Antagonist  potencies  and  opioid  receptor  affinities  of  TIPP  analogs 


Compound 

K,  [nM]* 

Ki'*[nMlb 

KisInM]b 

KjM/KjS 

H-Tyr-Tic-Phe-Phe-OH 

2-96 

1720 

1.22 

1410 

H-TyrTic-Phe-OH 

12.6 

1280 

9.07 

141 

H-Tyr-Tic-Trp-Phe-OH 

1.65 

1790 

0.301 

5950 

H-Tyr-Tic-2-Nal-Phe-OH 

3.07 

6330 

1.31 

4830 

H-Tyr-Tic-  Hfe-Phe-OH 

0.408 

1990 

0.277 

7180 

H-Tyr-Tic-Phe-Phe(pN02)-OH 

2.79 

2890 

0.703 

4110 

Tyr(NMe)-Tic-Phe-PtieDH 

0.436 

13400 

1.29 

10400 

H-Dmt-Tic-Phe-Phe-OH 

0.152 

141 

0.248 

569 

H-Tyr-Ticy{CHrNHlPhe-Phe-OH 

2.58 

3230 

0.308 

10500 

H-Tyr-TicylCHj-NHJPhe-OH 

9.05 

10800 

1.94 

5570 

Naltrindole 

0.636 

3.86 

0.182 

21.2 

dpdpe 

- 

943 

16.4 

57.5 

[D-Ala2]deltorphin  II 

- 

3930 

6.43 

611 

[Leu5)enkephalin 

- 

9.43 

2.53 

3.73 

“Determined  against  [D-Ala2Jdeltorphin  I  in  the  MVD  assay.  bBinding  assay  based  on 
displacement  of  [3H]DAMGO  (p-selective)  and  [3H]DSLET  (8-selective)  from  rat  brain 
membrane  binding  sites. 


analogs,  H-Tyr-TicylCHj-NHJPhe-Phe-OH  (TIPP[y])  and  H-Tyr-Ticy[CHrNH]Phe- 
OH  (TIP[y]),  showed  slightly  improved  8  antagonist  potency  and  significantly 
enhanced  8  receptor  selectivity  as  compared  to  their  respective  parent  peptides. 
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TIPP[y]  displayed  unprecedented  5  selectivity  (K^/Kj8  =  10  500),  being  180  times 
and  17  times  more  &- selective  than  the  5  agonists  DPDPE  and  [D-Ala2]deltorphin  1, 
respectively.  In  enzymatic  degradation  studies  based  on  incubation  of  10-4  M  peptide 
solutions  with  rat  brain  membrane  suspensions  at  37°C  TIPP(y]  was  found  to  be 
completely  stable  against  enzymatic  degradation,  whereas  the  parent  peptide  TIPP 
underwent  slow  degradation  (t  \n  =  22  h).  All  TIPP  analogs  listed  in  Table  1  had 
insignificant  affinity  for  k  receptors  (K,*  >  1  pM).  Furthermore,  at  concentrations  up 
to  10  |iM,  none  of  the  TIPP-derived  antagonists  described  here  showed  p  or  k 
antagonist  properties  in  the  GPI  assay  or  any  agonist  effect  in  the  MVD  assay.  These 
novel  8  antagonists  are  likely  to  find  wide  use  as  pharmacological  tools  in  opioid 
research. 

The  results  of  binding  studies  performed  with  [,2SI]TIPP  suggested  that 
substitution  of  an  iodine  atom  at  the  3-position  of  Tyr1  in  TIPP  had  turned  the  S 
antagonist  into  a  5  agonist  [6].  Indeed,  (Tyrf3'-I)]TIPP  behaved  as  a  full  agonist  in 
the  MVD  assay  (Figure  1,  Table  2)  and  its  effect  was  antagonized  by  TIPP  (1^  =  1 1 
nM).  Corresponding  iodination  of  the  Tyr  residue  in  TIP  and  TIPP[y]  did  not  result 
in  agonism  (data  not  shown)  and,  therefore,  it  appears  that  the  astonishing  conversion 
observed  with  TIPP  may  be  due  to  an  overall  conformational  effect  rather  than  to  a 
direct,  local  effect  of  the  iodine  substituent.  Interestingly,  substitution  of  a  bromine 
or  chlorine  atom  at  the  3'-position  of  Tyr1  in  TIPP  produced  partial  agonists  with 


Fig.  1.  Antagonism  of  [TyrfS'-l)1  JTIPP  by  TIPP  in  MVD  assay.  Log  dose-response  curve 
of  (Tyri3'-I)' [TIPP  in  absence  (  O)  and  in  presence  (  0)  of  TIPP  ( 100  nM). 

respective  "efficacies"  (e)  of  0.16  and  0.12,  whereas  the  Tyr(3'-F>analog  was  again  a 
pure  antagonist.  Thus,  systematic  substitution  of  halogen  atoms  beginning  with 
iodine  and  in  the  order  of  the  periodic  table  produced  a  progressive  decrease  in  intrinsic 
activity  and  a  concomitant  increase  in  affinity  at  the  5  receptor  (Table  2). 
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Conformational  studies  of  this  series  of  haiogenated  HPP  analogs  can  be  expected  to 
provide  new  insight  into  structure  -  intrinsic  activity  relationships. 


Table  2  8  Opioid  agonist/antagonist  properties  of  haiogenated  TIPP  analogs 


Analog 

MVD  assay 

Binding* 

Agonist/antagonist 

Potency 

(nM) 

K,5 

(nM) 

H-TyrO'-O-Tic-Phe-Pbe-OH 

full  agonist  (e  =1.0) 

IC50  =  97 

24.2 

H-Tyr(3’-Br)-Tic-Phe-Phe-OH 

partial  agonist  (e  =  0.16) 

Ke  =  24-32 

3.62 

H-Tyr(3'-Cl)-Tic-Phe-Phe-OH 

partial  agonist  (e  =  0.12) 

1^=  19-20 

3.00 

H-Tyr<3'-F)-Tic-Phe-Phe-OH 

antagonist 

K,  =  6-13 

1.62 

H-Tyr-Tic-Phe-Phe-OH 

antagonist 

^  =  3-6 

1.22 

"Displacement  of  [3H]DSLET  from  rat  brain  membrane  binding  sites. 
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Introduction 

Tachykinins  (TKs)  are  a  family  of  peptides  that  exert  their  biological  actions  by 
stimulating  three  distinct  receptors  (termed  NK-1,  NK-2  and  NK-3).  Among  the 
three  natural  mammalian  TKs,  substance  P  (SP)  displays  the  highest  affinity  for  the 
NK-1  receptor.  Neurokinin  A  (NKA)  for  the  NK-2  receptor  and  Neurokinin  B  (NKB) 
for  the  NK-3  receptor  [1]. 

In  order  to  design  highly  selective  peptides,  which  are  able  to  interact 
specifically  with  NK-2  receptor  and  not  with  NK-1  and  NK-3  receptors  and  acting 
either  as  agonists  or  antagonists,  it  is  essential  both  to  have  some  structural 
information  on  the  bioactive  three-dimensional  structure  of  the  ligand  and  a  well- 
defined  and  rigid  scaffold  on  which  the  chemical  groups,  directly  intraacting  with  the 
receptor,  could  be  attached. 

At  the  beginning  of  our  study,  some  information  was  available  on  the 
biological  activity  of  NKA  analogues  acting  either  as  agonists  or  antagonists,  but 
very  little  was  known  on  the  structural  requirements  for  the  interaction  with  NK-2 
receptors.  A  highly  reliable  structure  activity  relationship,  based  on  NMR  studies, 
was  reported  [2]  on  a  series  of  NKA  (4-10)  analogues  containing  different  residues  in 
position  8.  The  most  active  and  selective  analogue  [f)-Ala8]NKA  (4-10)  showed  at 
least  two  well-defined  structural  domains.  Two  p- turns  type  I  involving  residues  5-8 
and  8-10  (including  the  amide  terminal  group)  were  proposed. 

We  were  the  first  to  propose  and  to  demonstrate  [3],  that  two  consecutive  f) 
amino  acids,  when  incorporated  in  cydo-tetra-peptides  of  14-membered  ring  size,  are 
capable  to  force  the  remaining  pair  of  a-amino  acids  to  adopt  a  (1- turned  structure. 
We  have  also  successively  proposed  that  this  structural  domain  can  easily  be 
incorporated  in  larger  sequences  [4]. 

We  disclose  and  report  here  the  structure  of  a  new  potent,  highly  selective,  long 
lasting,  peptide  based  NKA  antagonist 
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Results  and  Discasskm 

MEN  10627  consists  of  two  cycto-tetra-peptides  fused  together,  each  containing 
a  p-tum  domain,  namely  cyck>-(Met-Asp-Trp-Phe-Dap-Leu)cyci<j(2P-5p),  (Dap  =  2,3 
di-amino  propionic  acid)  as  shown  in  Figure  1. 

MEN  10627  was  designed  on  the  amino  acid  sequence  of  other  known  NKA 
antagonists  [5].  The  initial  hypothetical  structure  was  approximately  modelled  on  a 
Silicon  Graphics  work  station  using  the  known  structure  of  cyclo-hexa-peptides  [6] 
and  successively  minimized  to  ascertain  its  stability  using  the  Discover  program. 
The  overall  shape  of  the  molecule  remained  almost  unchanged.  A  view  of  the 
molecular  model  obtained  with  this  procedure  is  reported  in  Figure  1. 


Fig.  1.  Molecular  model  of  MEN  10627.  Intramolecular  hydrogen  bonds  are  indicated  as 
broken  lines. 

The  peptide  was  synthesized  by  the  solid  phase  method,  using  Boc  chemistry  on 
a  Boc-Leu-OCH2-Pam  resin.  Side  chains  of  Asp  and  Dap  residues  were  protected  as 
OFm  and  Fmoc  derivatives,  respectively.  Treatment  with  piperidine  and  cyclization 
(using  PyBop)  was  performed,  before  coupling  the  Met  residue.  After  completion  of 
peptide  assembling  on  the  resin  and  removal  (with  HF)  of  the  mono-cyclic  peptide, 
the  second  cyclization  step  was  performed  in  diluted  DMF  solution  using  PyBop. 
The  overall  yield,  with  respect  to  the  initial  resin  substitution,  of  the  HPLC  purified 
bi-cyclic  peptide  was  27%. 

Preliminary  structural  analysis  in  solution,  using  NMR  spectroscopy,  and  in 
the  solid  state,  using  X-ray  diffraction  techniques,  fully  confirms  the  hypothetical 
model. 

In  vitro  biological  activity  of  MEN  10627  was  determined  on  the  following 
bioassay:  guinea  pig  ileum  (GPI)  for  NK-1  receptor,  rabbit  pulmonary  artery  (RPA) 
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and  hamster  trachea  (HT)  for  NK-2  receptors,  and  rat  portal  vein  (RPV)  for  NK-3 
receptor.  Conditions  of  the  bioassays  were  as  described  previously  [7]. 

MEN  10627  showed  very  high  affinity  for  NK-2  receptor:  pKB  values  on  the 
RPA  and  HT  were  8.1  and  10.1,  respectively.  This  high  potency  corresponds  also  to 
a  remarkable  selectivity  towards  NK-1  and  NK-3  receptors,  as  MEN  10627  was 
inacdve  on  RPV  (at  1  pM)  and  showed  very  low  potency  on  GPI  (pKB  =  6.1). 

The  in  vivo  activity  of  MEN  10627  was  also  investigated  in  urethane 
anesthetized  rats  for  its  ability  to  inhibit  contraction  of  the  urinary  bladder  following 
i.v.  administration  of  the  NK-2  selective  agonist  [fi-Ala8]NKA  (4-10)  (1  nmol/Kg 
i.v.).  MEN  10627  (3-30  nmol/kg  i.v.)  inhibited  in  a  dose-dependent  manner  the 
response  to  the  NK-2  agonist.  The  activity  of  MEN  10627  was  long  lasting,  a 
significant  inhibition  being  observed  up  to  3  hours  from  i.v.  administration  of  a  30 
nmol/Kg  dose. 

MEN  10627  is  the  prototype  of  a  new  class  of  cyclic  peptide-based  NK-2 
receptor  antagonists.  Owing  to  its  high  potency  and  long  lasting  activity  in  vivo 
MEN  10627  and  its  analogues  are  suitable  candidates  for  clinical  testing  in  humans. 

With  the  present  work  we  also  demonstrate  that  peptides  as  drugs  can  be 
developed  if  it  is  possible  to  design  and  synthesize  an  analogue  that  will  adopt  a 
unique  well-determined  three-dimensional  structure,  corresponding  to  the  bioactive 
conformation.  The  conformational  rigidity  increases  potency,  specificity  and 
especially  increases  the  half  life  of  the  molecule  in  the  living  body. 
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Introduction 

In  the  years  between  1977  and  1989  thirteen  crystal  structure  studies  on 
enkephalin  and  its  analogs  were  published.  We  have  recently  completed  X-ray  studies 
on  7  additional  enkephalin  analogs  including  the  linear  peptides  DTLET  [1],  DADLE 
[2]  and  N,N-diallyl-0-t-butyl-Tyr-Aib-Aib-Phe-Leu  F3]  and  the  cyclic  peptides 
DPDPE  [4],  L-  and  D-Ala  DPDPE  [5]  and  Tyr-D-Cys-Phe-DPen  [6].  With  these 
new  structures  in  hand,  we  have  begun  to  look  at  hydrogen  bonding  patterns  within 
this  family  of  neuroactive  peptides.  For  this  presentation,  we  concentrate  on  the 
acyclic  peptides  that  exhibit  folded  conformations  in  the  solid  state.  This  provides  14 
unique  molecules,  from  studies  on  3  tetrapep tides,  6  pentapeptides  and  1  hexapepdde 
[1-3,  7-12]. 


Results  and  Discussion 

Overall,  these  peptides  exhibit  two  different  folded  conformations:  A  single 
type  I'  {J-bend  (Figure  1  -  left)  and  a  double  p-bend,  consisting  of  a  type  HI  and  a 
type  I  turn  (Figure  1  -  right).  Peptides  with  more  than  one  molecule  in  the 
asymmetric  unit  all  have  the  same  general  conformation  although  there  are  differences 
in  their  intermolecular  interactions  and  even  some  differences  in  their  intramolecular 
hydrogen  bonding. 


Fig.  1.  The  results  of  two  independent  X-ray  studies  [8,  12]  on  native  Leu-enkephalin 
showing  the  2  different  folded  conformations  seen  in  the  solid  state. 
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Three  of  the  peptides  exhibit  a  double  f3-bend  conformation  (Figure  2):  Leu- 
enkephalin  [2],  an  N,N-diallyl  Leu-enkephalin  analog  in  which  residues  2  and  3  have 
been  replaced  by  Aib  [3]  and  a  tetrapeptide  analog  of  Met-enkephalin,  Aib-Aib-Phe- 
Met  [9].  This  is  the  only  occurrence  of  a  Met-enkephalin  analog  which  exhibits  a 
folded  conformation  in  the  solid  state. 


Fig.  2.  Superposition  of  double  /3  - 
bend  structures  showing  the  similarities 
in  conformation  for  the  three  molecules. 


One  of  the  tetrapeptides,  TGGP,  [7]  and  the  4  remaining  pentapeptides  [8-11]  (8 
unique  molecules)  exhibit  a  single  type  I'  (3-bend.  All  9  molecules  have  an  N4*~01 
intramolecular  H-bond.  In  a  typical  type  I'  (3-bend  there  is  a  second  intramolecular  H- 
bond,  between  N1  and  04,  and  this  is  seen  in  6  of  the  9  molecules.  TGGP  [7]  does 
not  form  the  second  intramolecular  H-bond  nor  does  one  of  the  2  unique  molecules  of 
[11]  even  though  the  N»*0  distance  (3.23  A)  is  of  the  proper  order.  However,  in 
both  cases,  the  [3- bend  is  stabilized  by  a  second  connection  in  which  both  N1  and  04 
hydrogen  bond  to  a  water  molecule.  DADLE  [2]  also  does  not  quite  fit  the  pattern 
in  that  the  second  H-bond  forms  between  N1  and  05,  resulting  in  a  somewhat  more 
open  conformation. 


Fig.  3.  Type  l'  structures.  Left:  DADLE  [21  superimposed  on  another  enkephalin  analog 
with  a  D-residue  at  position  2  (II J.  Right:  DTLET  [I]  superimposed  on  four  type  V 
enkephalins  [7,  8,  10,  II]  clearly  indicating  the  involvement  of  the  D-Thr  side  chain  in 
the  ‘ pseudo  ’  p-bend. 
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The  real  outlier  is  the  hexapeptide  DTLET  [1]  which  does  not  form  a  true  11- 
bend  in  that  the  torsions  xl  and  X2  °f  die  hydrophilic  D-Thr2  side  chain,  instead  of 
main-chain  angles  define  the  bend.  We  have,  therefore,  classified,  this 
conformation  as  a  ‘pseudo’  {1-bend.  DTLET  also  has  only  one  intramolecular  H-bond 
(02y*mN4)  but  there  is  a  second  stabilizing  connection  through  a  water  molecule 
which  links  02Yand  04. 

All  the  peptides  contain  co-crystallized  solvent  molecules.  Seven  of  the 
compounds  contain  only  co-crystallized  water  (varying  from  1-6  molecules  of  water 
per  peptide  molecule  in  the  asymmetric  unit).  Of  these,  each  participates  in  at  least  3 
peptide  -  water  interactions  with  up  to  as  many  as  9  for  the  double  {1-bend  enkephalin 
[12]  and  1 1  for  DTLET  [1].  The  N  atoms  most  commonly  bound  to  water  are  those 
on  residues  1  and  2.  The  O  atoms  most  commonly  bound  to  water  are  the  0£  of 
Tyrl,  the  C=0  of  residues  2  and  4  and  the  C-0'  of  the  terminal  residue.  These 
patterns  persist  regardless  of  the  length  of  the  peptide. 
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Introduction 

Structural  studies  on  membrane-bound  peptides  are  hampered  by  the  different 
conformational  equilibria  established  in  the  partition  process  between  water  and  a 
lipid  phase.  Using  human  gastrin  (HG)  and  cholecystokinin  (CCK)  as  model 
peptides,  two  lipophilic  adducts,  i.e.  (2R,S)- 1 ,2-dimyristoyl-3-mercaptoglycerol/N“- 
maleoyl-p-alanyl-[Nle15]-HG-(2-17)  (=DM-HG)  [1]  and  (2R,S)-l,2-dimyristoyl-3- 
mercaptoglycerol/Na-maieoyl-P-alanyl-(Thr2®,Nle31]-CCK-(25-33)  (=DM-CCK)  [2], 
were  synthesized  in  order  to  induce  a  drastic  shift  in  the  distribution  of  the  peptides  in 
favor  of  the  lipid  phase  as  resulting  from  inteidigitation  of  the  double-tailed  lipo- 
moieties  with  the  membrane  bilayers. 

Results  and  Discussion 

The  two  peptide  hormones  HG  and  CCK  were  derivatized  at  their  N-termini, 
since  modifications  at  this  sequence  position  usually  does  not  affect  their 
bioactivities.  The  structure  of  the  two  lipo-peptides  was  expected  to  induce  in 
aqueous  media  a  behavior  similar  to  that  of  phospholipids,  i.e.  low  solubility  and 
spontaneous  formation  of  vesicles.  This,  however,  should  not  prevent  partitioning 
of  the  lipo-peptides  in  favor  of  natural  membranes,  if  the  relative  fluidity  of  their 
vesicles  is  sufficient  to  guarantee  a  net  intervesicular  lipid  transfer. 

Dynamic  light  scattering  and  electron  microscopy  showed  that  DM-HG 
aggregates  into  unilamellar  spherical  vesicles,  which  upon  extrusion  form  a  stable 
monodispersed  system  [1].  Conversely,  vortexing  or  sonication  of  DM-CCK  leads 
to  a  highly  polydispersed  system  of  vesicles  even  after  extrusion  [2].  This  reflects  a 
surprisingly  strong  effect  of  the  peptide  head  groups  on  the  lipid  packing  despite  their 
sequence  homology.  Since  no  phase  transition  (Tc)  was  detected  for  DM-HG  and 
DM-CCK  by  high  sensitivity  differential  scanning  calorimetry  above  S'C,  the 
vesicles  are  in  the  liquid  state.  This  low  Tc  of  the  lipo- peptide  vesicles  was  expected 
to  facilitate  their  net  transfer  to  phosphatidylcholine  (DPPC  and  DMPC).  In  fact, 
statistical  insertion  of  DM-HG  into  DPPC  vesicles  occurs  quantitatively  upon  1.3  h 
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incubation  of  the  two  vesicle  populations  above  the  Tc  of  DPPC,  whereas  the 
transfer  of  DM-CCK  to  DMPC  vesicles  is  rapid,  already  observed  in  the  first  scan 
(30*C/h),  i.e.  even  below  the  Tc  of  the  DMPC,  and  formation  of  one  DMPC  domain 
(Tc=24.72*C)  containing  statistically  inserted  DM-CCK  and  two  differently  enriched 
DM-CCK  domains  (Tc  =16.32"  and  19.87*C)  takes  place.  Addition  of  Ca2+  to  this 
system  affects  the  Tc  of  the  two  CCK-rich  domains  (shift  by  5*C)  more  than  that  of 
the  DMPC-rich  domain  (shift  by  3'C)  confirming  the  presence  of  differently 
populated  domains.  This  also  suggests  a  higher  affinity  of  the  CCK-rich  domains  for 
Ca2+,  a  fact  which  could  be  of  physiological  relevance  since  CCK  is  known  to 
stimulate  Ca2+  release  from  reserves  on  cell  membranes. 


Fig.  1.  Expanded  portion  of  a  NOESY  (mixing  time  50ms)  illustrating  the  NOE  between 
the  aromatic  side  chain  of  Trp  and  the  alkane  chain  of  the  dimyristoyl  moieties. 

Merging  of  DM-HG  with  DMPC  vesicles  is  accompanied  by  a  conformational 
transition  from  partially  ordered  to  a  predominantly  unordered  structure  of  the  HG 
moiety  as  monitored  by  CD  [3].  Thus  incorporation  of  DM-HG  into  DMPC 
bilayers  apparently  prevents  contacts  of  the  peptide  head  group  with  more 
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hydrophobic  compartments  of  the  membrane  and  exposes  most  of  the  HG  randomly 
coiled  to  the  bulk  water.  Conversely,  the  CD  of  CCK  in  pure  DM-CCK  and  in 
mixed  DM-CCK/DMPC  vesicles  is  very  similar  with  a  strong  negative  maximum 
located  in  the  214-215  nm  range  which  could  reflect  p-type  structures  possibly 
resulting  from  peptide-peptide  associations.  Additionally,  the  Trp  fluorescence  is 
blue-shifted  in  DM-CCK  by  5-6  nm  and  in  DM-CCK/DMPC  vesicles  by  22  nm,  and 
the  accessibility  of  Tip  to  I -quencher  is  strongly  reduced.  Thus  the  C-terminus  of  the 
CCK  moiety  seems  to  be  inserted  into  more  hydrophobic  compartments  of  the 
bilayers  and  this  would  require  a  chain  reversal  which  can  occur  at  Thr-Gly  in 
agreement  with  the  preferred  conformation  of  [Thr28,Nle31]-CCK-(25-33)  in 
cryomixtures  [4],  According  to  this  model,  the  Arg-Asp-TyifSOjH)  portion  would 
act  as  ionized  head  group  exposed  to  the  water  phase.  In  'H-NMR  measurements 
(600  MHz,  310K)  on  DM-CCK  magnetization  through  bonds  via  COSY  and 
TOCSY  experiments  could  not  be  observed  because  of  extremely  broad  resonances. 
Therefore  a  complete  resonance  assignment  was  not  possible.  However,  the 
characteristic  spin  pattern  of  Tip  allowed  for  the  unambiguous  assignment  of  an  NOE 
between  the  side  chain  of  Trp  and  the  DM-alkane  chains  (Figure  1)  confirming  chain 
reversal  in  the  peptide  with  insertion  of  its  C-terminus  into  inner  compartments  of 
the  bilayer  whereby  onset  of  fi-sheet  type  structures  would  also  explain  die  formation 
of  DM-CCK  clusters  in  DMPC  bilayers. 

Since  a  net  intervesicular  transfer  of  DM-HG  and  DM-CCK  to 
phosphatidylcholine  was  confirmed,  it  should  also  occur  with  natural  membranes.  In 
fact,  DM-HG  retains  a  receptor  affinity  in  AR4-2J  cells  which  is  only  7-fold  lower 
than  that  of  the  native  HG  [1]  and  DM-CCK  exhibits  in  pancreatic  acini  a  5.7-fold 
reduced  receptor  affinity  compared  to  [Thr2g,Nle3l]-CCK-(25-33).  These  values 
suggest  a  common  factor  which  could  possibly  be  a  reduced  two-dimensional 
migration  rate  of  the  lipo-pepride  monomers  in  natural  bilayers  as  induced  by  the  di- 
myristoyl  moiety.  On  the  other  hand,  the  built-in  lipid  affinity  is  affecting 
differently  the  biopotency  of  DM-HG  and  DM-CCK  in  characteristic  assays.  Whilst 
for  DM-HG  a  5-fold  reduced  potency  with  slightly  enhanced  efficacy  was  determined 
in  the  [14C]-aminopyrine  accumulation  assay  with  parietal  cells  [3],  the  potency  of 
stimulating  amylase  release  from  pancreatic  acini  by  DM-CCK  was  80  times  lower, 
but  its  efficacy  was  identical  to  that  of  [Thr28,Nle3 1  ]-CCK-(25-33). 

Although  lipo-derivatization  was  found  to  modify  the  bioactivities  of  HG  and 
CCK,  intervesicular  transfer  is  occurring  with  model  bilayers  and  the  results  indicate 
that  at  the  level  of  the  collisional  event  with  lipid  bilayers,  DM-HG  and  DM-CCK 
exhibit  a  significantly  different  behaviour  in  their  mode  of  display  on  the  lipid-water 
interphase  and  of  interaction  with  inner  compartments  of  membranes. 
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Introduction 

Neuromedin  B  (NMB),  G-N-L-  W-A-T-G-H-F-M-NH^  is  a  bombesin/gastrin 
releasing  peptide-related  peptide  possessing  unique  receptors  with  vastly  different 
tissue  distributions  relative  to  the  latter  [1].  Although  many  extremely  potent  types 
of  competitive  receptor  antagonists  have  been  developed  for  bombesin/GRP  [2],  to 
date  none  have  retained  much  affinity  for  NMB  receptors.  Recently,  we  have  screened 
a  library  of  somatostatin  (SS)  analogues  for  binding  to  a  number  of  different  receptor 
preparations,  including  5  recently  discovered  SS  receptor  subtypes  [3]  and  non-SS 
receptors  such  as  bombesin/GRP  and  NMB.  Two  main  classes  of  SS  analogues  were 
examined  in  the  present  study  -  the  cyclic  octapeptides  related  to  octreotide  (peptide  1, 
Table  1)  and  lanreotide  (peptide  2,  Table  1)  and  the  recently  developed  linearized 
versions  of  the  octapeptides  [3]  (peptides  S  and  6).  In  terms  of  their  affinities  to  SS 
receptors  on  the  various  transfected  cell  types,  many  interesting  SARs  have  been 
discovered  [3].  The  cyclic  octapeptides  exhibited  particularly  high  affinity  for  SSTR2 

Table  1  Comparison  of  binding  affinities  of  key  cyclic  and  linear  SS  octapeptides  for 
5  SS  receptors  on  transfected  cells  and  NMB  receptors  on  rat  o  factory  bulb 


lCso(nM) 

SS  Receptor  NMB 


Peptide 

1 

2 

3 

4 

5 

SS 

0.1 

0.28 

0.07 

0.86 

1.2 

>10000 

1.  DPheCysPheDTrpLysThfCysThrol 

>1000 

2.24 

2.6 

0.57 

>1000 

- 

2.  DNalCysTyrDTrpLysValCysThrNH2 

>1000 

1.60 

4.9 

0.10 

>1000 

802 

3.  DPheCysTyrDTrpLysValCyjNalNH2 

>1000 

0.002 

57 

0.19 

252 

245 

4.  DNalCysTyrDTrpLysValCyiNAlNH2 

>1000 

4.2 

181 

5.2 

102 

43 

5.  DPhePheTyrDTrpLysValPheDNalNH2 

>1000  >1000 

0.02 

43 

158 

>1000 

6.  DPhePhePheDTrpLysThrPheThrNHj 

23 

32 

0.42 

0.002 

18 

>1000 
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and  SSTR4  but  no  or  very  little  affinity  for  SSTR1  and  SSTR5.  The  linear  peptide 
5  surprisingly  exhibited  Ugh  affinity  only  for  SSTR3  and  appears  to  be  a  relatively 
selective  ligand  for  this  receptor.  Similarly,  linear  peptide  6  exhibited  very  high 
affinity  for  SSTR4  and  was  the  only  peptide  other  than  full  sequence  SS  peptides  to 
exhibit  any  affinity  for  SSTR1  [Terry  Reisin,  personal  communication]. 

Results  and  Discussion 

Several  of  the  cyclic  octapep tides  have  previously  been  found  to  have  high 
affinity  for  p-opiate  receptors  [4]  and,  indeed,  it  has  proved  possible  [S]  to  completely 
dissociate  these  properties  from  traditional  SS  effects.  It  was,  therefore,  logical  to 
screen  our  extensive  library  of  these  peptides  for  binding  to  other  peptide  receptors. 
It  was  found  that  certain  cyclic  octapeptides  bound  to  NMB  receptors  on  rat  olfactory 
bulb  membranes  (Table  1).  The  most  potent  of  these  was  the  highly  hydrophobic 
sequence,  D-Nal-Cys-Tyr-D-Trp-Lys-Val-Cys-Nal-NH2(peptidt  3,  Table  1),  which 
bound  with  a  Ki  of  43  nM,  with  significant  affinity  also  being  found  with  D-Nal- 
Cys-Tyr-D-Trp-Lys-Nal-Cys-Thr-NH2  (Ki  85  nM)  (not  shown).  These  analogues 
also  bound  significantly  to  NMB  receptors  transfected  into  Balb  3T3  cells.  Peptide  3 
displayed  a  Ki  of  216  nM  (Figure  1,  left  panel)  in  this  system,  did  not  stimulate  3H- 
IP  levels  in  these  cells,  but  inhibited  NMB-stimulated  3H-EP  release  (Figure  1,  right 
panel)  as  expected  for  a  pure  NMB  receptor  antagonist.  The  peptides  exhibited  little 
affinity  for  GRP  receptors. 


BINDING 


INHIBITION  OF  BIOLOGICAL 
ACTIVITY 


[D-Nal-Cys-Tyr-D-Trp-Lys-Val-Cys-Nal-NHJ  (pM) 


Fig.  1.  Ability  of  D-Nal-Cys-Tyr-D-Trp-Lys-Val-Cys-Nal-NH2  to  displace  labeled  Bn  or 
NMB  from  rat  pancreatic  acinar  cells  or  NMB  receptor  transfected  Balb  3T3  cells  (left  panel) 
and  to  inhibit  either  Bn-stimulated  amylase  release  or  IP  release,  respectively  from  the  same 
cell  systems  (right  panel). 
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Preliminary  SAR  studies  thus  far  indicate  that,  as  for  SS  receptors,  the  D-Trp 
and  Lys  residues,  centered  in  the  type  IT  (i-bend  region  of  these  molecules  [6],  are 
critical  but,  additionally,  aromatic  residues  at  the  termini  of  the  chain  and/or  in 
position  6  must  be  present.  A  combination  of  Nal  substitutions  to  give  D-Nal-Cys- 
Tyr-D-Trp-Lys-Nal-Cys-Nal-NH},  contrary  to  expectations,  resulted  in  a  lowering  of 
binding  affinity. 

Although  many  of  the  NMB-receptor  binding  analogues  thus  far  discovered  also 
have  high  affinity  for  SS  type  2  (pituitary)  receptors,  it  is  expected  that  dissociation 
of  binding  affinities  will  be  possible.  Since  the  physiological  functions  of  NMB  are 
presently  poorly  understood,  selective  and  even  more  potent  NMB  antagonists  should 
be  useful  investigatory  tools.  Considering  that  in  the  past  SS  octapeptides  have  also 
provided  conformationally  restrained  ligands  for  the  |i.-opioid  peptide  receptor  system, 
it  appears  that  the  folded  motif  in  these  molecules,  which  has  been  well  characterized 
by  2D  NMR  studies  and  is  also  a  common  characteristic  of  other  peptide  ligands, 
could  well  provide  a  structural  template  for  agonists/antagonists  of  other  peptide 
receptors  as  well. 
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Introduction 

The  ability  to  study  the  interactive  behaviour  of  peptides  at  hydrophobic 
surfaces  represents  a  powerful  approach  to  characterizing  the  molecular  properties 
which  control  the  orientation  and  binding  of  peptides  with  different  surfaces.  In  the 
present  study,  the  relative  stability  and  interactive  behaviour  of  a  series  of  analogues 
of  Neuropeptide  Y  (NPY)  were  studied  by  reversed  phase  liquid  chromatography  (RP- 
HPLC)  [1]. 

Results  and  Discussion 

The  peptides  comprised  a  series  of  16  analogues  of  NPY-(18-36)  which  differ  by 
a  single  substitution  of  a  D-amino  acid  for  the  L-isomer  at  various  sequence 
positions.  A  number  of  chromatographic  parameters  which  describe  the  interactive 
contact  area  and  binding  affinity  have  been  evaluated.  The  RP-HPLC  retention  data 
of  these  peptides  was  analyzed  in  terms  of  the  following  expression: 

log  k  =  log  ko  -  S  y 

The  parameters  S  and  log  k„  are  related  to  the  hydrophobic  contact  area  of  the  peptide 
and  the  affinity  of  this  contact  region  for  the  hydrophobic  ligands  [1,  2].  In  order  to 
study  the  effect  of  structural  substitutions  within  NPY(  18-36)  on  its  interaction  with 
hydrophobic  surfaces,  retention  data  were  obtained  for  the  series  of  16  NPY( id-36) 
analogues.  The  conformation  of  peptides  in  solution  was  manipulated  by  measuring 
the  interactive  behaviour  of  the  peptides  over  a  range  of  temperatures. 

If  a  peptide  interacts  without  any  specific  orientation,  D-substitutions  would 
not  be  expected  to  exert  any  influence  on  the  interactive  properties  of  these  NPY 
analogues.  Figures  1(a)  and  (b)  show  plots  of  log  k  versus  y  for  the  set  of  NPY(18- 
36)  D-substituted  analogues  separated  on  an  n-butylsilica  (C4)  sorbent  at  2S°C. 
These  plots  demonstrate  that  there  are  very  specific  orientation  effects  associated  with 
the  interaction  of  these  peptides  with  the  hydrophobic  ligand.  The  plots  shown 
in  Figure  1  were  used  to  derive  the  corresponding  S  and  log  k0  values. 


Fig.  I.  Plots  of  log  k  versus  yr  NPY(  18-36)  analogues  separated  on  a  C4  sorbent  with 
acetonitrile  as  the  organic  solvent  at  25  °C.  Chromatographic  conditions  are  described 
elsewhere  [1], 


tS  1*  20  21  J2  23  24  25  28  22  26  2*  30  31  32  33  34  3S  3*  37  38 

RESIDUE  NO.  SUBSTITUTED 


'»  16  20  21  22  23  24  23  2*  27  21  26  30  31  32  33  34  33  3*  37  36 
RESIDUE  NO.  SUBSTITUTED 


Fig.  2.  Plots  of  (a)  S  and  (b)  log  k0  versus  position  of  the  D-amino  acid  substitution  in 
NPY(  18-36)  analogues  separated  on  a  C4  sorbent  with  acetonitrile  as  the  organic  solvent. 

Figures  2(a)  and  (b)  show  plots  of  the  S  and  log  k„  values  for  each  D-substituted 
NPY(18-36)  analogue  plotted  against  the  residue  position  for  experiments  carried  out 
with  a  C4  ligand  and  acetonitrile  as  the  organic  solvent  modifier.  At  4°C  there  was  a 
small  decrease  in  both  parameters  when  D-substitutions  were  made  between  amino 
acid  residues  Ala(18)  and  His(26),  compared  to  the  values  determined  for  the 
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corresponding  a-L-NPY(  18-36).  Much  larger  fluctuations  in  the  magnitude  of  the  S 
and  log  kc  values  were  evident  when  D-substitutions  were  made  between  amino  acid 
residues  Tyr(27)  and  fle(31).  This  behaviour  was  then  followed  by  essentially 
constant  S  and  log  k„  values  for  the  D-substitutions  in  the  C-terminal  positions. 

At  the  higher  temperatures  of  2S°C,  37 °C  and  60°C,  the  S  and  log  k0  values 
were  similar  in  magnitude  to  those  observed  at  4°C  and  there  were  only  small 
fluctuations  in  these  parameters  for  the  various  D-substituted  NPY(  18-36)  analogues. 
At  80°C,  with  the  exception  of  small  increases  in  the  S  values  for  the  analogues  D- 
He(28),  D-Asn(29)  and  D-Arg(33),  the  S  values  were  similar  to  the  values  determined 
at  25°C,  while  the  log  k„  values  were  consistently  lower. 

It  is  apparent  from  these  data  that  the  substitutions  by  D-amino  acids  in  the 
central  region  of  the  NPY(18-36)  peptide  cause  significant  changes  in  the  interactive 
behaviour  of  these  peptides  with  the  C4  ligand.  These  results  were  also  similar  to 
those  which  were  evident  with  the  C8  ligand  [1].  However,  these  changes  in 
retention  properties  occurred  at  a  lower  temperature  with  the  C4-sorbent,  which 
suggests  that  the  longer  n-octyl  ligands  may  be  able  to  more  effectively  stabilize  the 
secondary  structure  of  the  peptides  relative  to  the  shorter  more  rigid  n-butyl  ligand. 
Furthermore,  the  most  striking  changes  in  the  S  and  log  k0  values  evident  for  the 
NPY(18-36)  analogues  eluted  from  the  C8  ligands  corresponded  to  a  large  decrease  in 
these  parameters  when  the  D-substitution  occurred  at  amino  acid  residues  Ile(28)  and 
Asn(29).  In  contrast,  a  large  increase  in  these  parameters  was  observed  with  the  C4 
ligand  for  these  two  D-substituted  analogues.  These  results  indicate  that  the  extent  of 
the  secondary  structure  adopted  by  these  analogues  is  different  with  these  two 
stationary  phase  ligands  again  demonstrating  the  important  role  of  the  ligand  in  the 
retention  process. 

To  further  characterize  the  interactive  behavior  of  the  NPY(  18-36)  analogues, 
the  putative  hydrophobic  binding  domain  was  defined.  If  residues  Arg(19)-Q(34)  are 
constrained  into  an  a-helix  (by  analogy  with  the  proposed  structure  of  NPY(l-36) 
[3])  and  the  resulting  structure  subjected  to  energy  minimization,  the  hydrophobic 
contact  region  can  be  characterized  by  use  of  hydrophobicity  coefficients  [4],  For  the 
parent  peptide  NPY(  18-36),  the  hydrophobic  residues  which  form  a  continuous 
surface  with  a  C4  ligand  are  Tyr(20),  Tyr(21),  Leu(24),  Tyr(27),  Ile(28),  Ile(31), 
GIn(31)  and  Tyr(36).  However,  this  region  of  the  peptide  is  severely  disrupted  for  the 
analogue  D-Tyr(27)  and  the  residues  Tyr(27)  and  Gln(34)  do  not  form  part  of  a 
continuous  hydrophobic  patch.  Overall,  the  results  indicate  that  NPY-(  18-36)  adopts 
a  significant  degree  of  secondary  structure  in  the  presence  of  hydrophobic  surfaces, 
and  that  this  structure  can  be  severely  disrupted  by  the  presence  of  the  D-amino  acids 
at  residue  positions  Tyr(27)-Thr(32).  The  results  of  chromatographic  measurements 
such  as  those  presented  here  can  supplement  data  derived  from  spectroscopic  analyses 
and  biological  activity  measurements  to  further  characterize  structure-function 
relationships. 
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Introduction 

The  amyloid  $  protein  found  in  the  Alzheimer's  afflicted  brain,  01-42,  was 
synthesized  using  a  fragment-coupling  scheme  developed  in  our  lab  [1].  Fragment 
condensation  greatly  simplifies  the  purification  of  insoluble  peptides.  Each  of  the 
protected  fragments  was  purified  by  RPHPLC  before  the  final  synthesis,  eliminating 
any  single  amino  acid  deletions  at  an  early  stage.  The  final  product  was  then  purified 
by  size-exclusion  chromatography.  We  have  modified  the  synthesis  to  eliminate 
impurities  and  to  increase  the  overall  yield  of  the  full-length  peptide.  In  addition, 
syntheses  of  several  0  protein  analogues  were  achieved  using  the  same  fragments  in 
this  improved  fragment-coupling  strategy. 

We  have  also  investigated  the  mechanism  of  amyloid  fibril  formation  by  the  0 
protein.  Understanding  the  pathway  that  leads  to  fibril  formation  may  lead  to  an 
understanding  of  the  pathology  of  Alzheimer's  disease  (AD).  We  are  particularly 
interested  in  the  role  that  the  C-terminus  plays  in  fibril  formation.  The  rates  of 
aggregation  of  several  (1  proteins,  differing  in  the  lengths  of  their  C-termini,  were 
measured  and  found  to  differ  dramatically.  Based  on  these  results,  a  mechanism  for 
amyloid  formation  is  proposed.  This  mechanism,  nucleation-dependent  aggregation, 
may  have  implications  in  the  cause  of  amyloid  formation  in  AD  [2]. 

Results  and  Discussion 

Two  major  impurities  were  present  in  the  original  synthesis  of  01-42  [1],  The 
first  impurity  resulted  from  the  attachment  of  the  C-terminal  fragments  to  the  resin 
(Figure  1)  and  was  eliminated  by  using  a  modified  procedure  for  the  synthesis  of  the 
C-terminus  and  a  different  resin  (PAM).  The  second  impurity  occurred  during  the 
deprotection  step.  The  problem  of  benzylated  impurities  was  solved  by  an  altered  HF 
deprotection  protocol  that  employed  twice  the  amount  of  p-cresol  scavenger. 

In  addition,  several  practical  improvements  were  made.  Modifications  to  the 
syntheses  of  three  fragments  (0(1-17),  0(18-25)  and  0(26-33))  resulted  in  an  increase 
in  both  the  yield  and  purity  of  the  peptides.  The  new  route  to  the  synthesis  of  the 
fragment  0(26-33),  consisting  of  an  additional  fragment  coupling,  considerably 
simplified  its  purification  and  improved  its  yield.  In  addition,  the  development  of  a 
unique  purification  procedure  for  0(18-23)  significantly  increased  the  recovery  of  this 
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fragment.  This  procedure  employed  the  temporary  removal  of  the  N-terminal 
protecting  group  (Boc)  before  purification. 

Finally,  several  analogues  of  the  P  protein  were  made  using  the  new  strategy, 
pi -40,  pi -39,  and  the  3  kDa  p  proteins,  P 17-42,  P18-42,  and  P17-40,  were 
synthesized  using  the  same  iragments.  The  high  purity  of  P 17-42  (greater  than  90%) 
demonstrated  the  success  of  our  new  methodology  in  the  synthesis  of  the  p  protein. 


HjN'A-lwWtPAM) 


HjN-AIIG-R—  ( 

Boc-S(»ri)NK(a-Z)G'C03H^| 

Boc-S<Bri)NK(a-Z)GAnOCOJH  • 
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g-ntOTHN 


Fig.  1.  Synthetic  Scheme  of  01-42.  Fragment  couplings  were  used  to  eliminate  single 
amino  acid  impurities,  which  simplifies  the  purification  step. 

Dramatic  differences  woe  observed  in  the  aggregation  rates  of  the  P  proteins 
(Figure  2).  Concentrated  peptide  solutions  in  DMSO  (SO  pL)  were  added  to  a 
phosphate  buffer  at  pH  7.4  (950  pL).  The  rate  of  aggregation  was  measured  by  a 
turbidity  assay  using  a  UV  spectrometer  at  400  nm.  Peptides  with  shorter  C-tennini 
(Pl-39  and  pi-40)  appeared  soluble  for  a  week  before  they  began  to  aggregate,  while 
the  longer  C-terminal  variant  (Pl-42)  began  to  aggregate  immediately.  The  lag  time 
before  aggregation  observed  with  pl-39  and  pi -40  may  be  due  tr  slow  formation 
of  a  nucleus  that  is  required  for  the  growth  of  the  fibril.  This  n  , leation-dependent 
mechanism  for  amyloid  formation  was  further  supported  by  evidence  that  a 
kinetically  soluble  peptide  (i.e.,  pi-40)  can  be  seeded  (caused  to  aggregate  faster)  by 
small  amounts  of  preformed  fibrils  of  either  itself  or  of  the  kinetically  insoluble 
peptides  (i.e.,  Pl-42)  [2]. 

Our  synthetic  methodology  allows  us  to  make  numerous  P  protein  variants  (Pl- 
42,  Pl-39,  P17/18-42,  and  P17-40)  whose  impurities  can  be  identified  and  eliminated 
without  the  use  of  reverse-phase  HPLC.  Results  of  studies  of  peptides  synthesized 
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via  this  fragment-coupling  methodology  are  much  more  reproducible  than  those 
found  with  stepwise-synthesized  peptides.  In  addition,  the  ease  of  purification 
increases  the  yield  as  well  as  the  purity  of  the  protein. 

The  aggregation  studies  suggest  the  importance  of  the  C-terminus  of  the  P 
protein  in  determining  the  rate  of  aggregation  and  the  role  that  an  exogenous  seed 
may  play  in  the  aggregation  of  kinetically  soluble  P  protein  A  nucleation-dependent 
mechanism  of  aggregation  may  mean  that  the  "normal"  P  protein  (Pl-40)  is 
kinetically  soluble  in  the  brain  and  the  presence  of  a  nucleus  can  cause  it  to  aggregate 
and  form  fibrils.  This  nucleus  could  be  in  the  form  of  fibrils  of  the  possibly 
abnormal  P  protein,  pi-42,  which  aggregates  much  more  readily.  Moreover,  other 
proteins  found  in  the  plaques  may  be  acting  as  nuclei  or  seeds  for  the  aggregation  of 
pl-40. 


Fig.  2.  Aggregation  Curves  of  f)  Protein  Variants.  The  turbidity  of  the  peptide  solutions 
was  measured  at  400  nm.  Graphs  were  normalized  to  the  final  turbidity. 
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Introduction 

The  bombesin-like  peptides  are  amphibian  skin  peptides  which  possess 
mitogenic  and  secretory  activities  including  growth  stimulation  of  small  cell  lung 
carcinoma  (SCLC)  through  an  autocrine  loop  mechanism.  These  peptides  are 
elevated  in  the  serum  of  SCLC  patients.  The  goal  of  this  research  is  to  develop 
effective  bombesin  antagonists  for  the  treatment  of  neoplastic  diseases  such  as  lung, 
breast,  and  prostate  cancer.  Several  approaches  have  been  reported  to  be  effective  in 
the  design  and  synthesis  of  bombesin  antagonists.  Those  studies  focus  on  deletion 
or  modification  of  the  COOH-terminal  residues.  We  report  here  three  groups  of 
peptides  with  backbone  and  side  chain  substitutions  which  address  the  receptor 
binding  and  activation  properties  of  the  active  COOH-terminal  sequence. 

Results  and  Discussion 

Four  types  of  synthetic  modifications  were  introduced  into  bombesin-like 
sequences.  These  include  the  following:  1)  y[CH2S]  and  y[CH2N(CH3)]  substituted 
at  the  penultimate  amide  bond;  2)  conformers  of  dehydrophenylalanine  at  the  COOH- 
terminus;  3)  COOH-terminal  deletion  with  NH2-terminal  acylation  and  4)  a  related 
cyclic  lactam  analog  thereof.  The  y[CH2S]  substitution  was  accomplished  as 
previously  reported  [1],  The  y[CH2N(CH3>]  substitution  was  made  according  to  the 
solid  phase  reductive  alkylation  method  of  Sasaki  and  Coy  [2].  Incorporation  of 
dehydrophenylalanine  was  accomplished  through  preparation  of  Boc-LeuAzPhe- 
OMe,  and  subsequent  fragment  coupling.  Photoisomerization  of  8  to  7  gave 
conversion  of  the  Az  to  the  AE  conformer.  This  was  accomplished  by  photolysis  of 
8  in  a  similar  manner  to  that  of  Nitz  et  al.  [3].  The  conversion  was  monitored  by 
analytical  RP-HPLC.  The  N-acyl[D-Ala' 1  ]bombesin(7- 1 3)amide  analogs  were 
synthesized  on  solid  phase.  The  cyclic  analog  was  prepared  on  Kaiser  oxime  resin 
with  concomitant  cyclization  and  resin  deblocking  [6]. 

A  variety  of  amide  bond  surrogates  have  been  studied  [4]  at  the  penultimate 
position  of  bombesin  since  Coy's  finding  that  Leuuy[CH2NH]Leu14bombesin  is  a 
potent  antagonist.  In  this  regard  we  have  shown  that  y[CH2S]  yields  a  potent 
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antagonist  [5].  However,  y[CH2N(CH3)]  substituted  at  the  identical  amide  bond 
position,  6,  yields  an  agonist. 

Aromatic  substitutions  at  the  COOH-terminal  residue  have  resulted  in  highly 
potent  receptor  antagonists.  To  probe  for  the  preferred  side  chain  conformer  at  the 
COOH-terminus  AzPhe  and  AEPhe  were  substituted.  The  0  and  \|f  angles  of 
dehydrophenylalanine  are  significantly  restricted  and  the  double  bond  restricts  c- 
rotation  to  planar  cis  and  trans  positions.  The  AzPhe-containing  analog,  8,  is  10- 
fold  more  potent  than  AGPhe,  7,  although  both  conformers  retain  significant  binding 
affinity.  In  addition  both  conformer  analogs  demonstrated  partial  agonist/antagonist 
activity. 

The  N-acyl  analogs,  1-4,  were  synthesized  to  probe  a  potential  lipophilic 
binding  site  in  the  bombesin  receptor.  It  was  found  that  octyl(D-Alau)bombesin(7- 
13)  amide  is  a  potent  antagonist.  To  further  assess  the  relation  of  this  lipophilic 
requirement  to  a  folded  conformation,  aminooctanoic  acid  was  placed  at  the  NH2- 
terminus  and  the  analog  cyclized  to  the  COOH-terminus  yielding  5.  Significant 
activity  was  retained  upon  cyclization.  These  results  suggest  that  the  octyl  analog, 
2,  is  active  in  a  folded  conformation. 


Table  1  Comparison  of  receptor  affinities  in  competitive  binding  and  PI  turnover  in 
mouse  pancreas  [5] 


Peptides 

Binding 

Kd 

PI  turnover 

Ag.  Antag® 

1  N“-Acetyl-Gln-Trp-Ala-Val-D-Ala-His-Leu-NH2 

69 

- 

+ 

2  Na-Octyl-Gln-Trp-Ala-Val-D-Ala-His-Leu-NH2 

5.0 

- 

+ 

3  N“  Lauryl-Gln-Trp-Ala-Val-D-Ala-His-Leu-NH2 

320 

- 

+ 

4  N“  Palmityl-Gln-Trp-Ala-Val-D-Ala-His-Leu-NH2 

350 

- 

+ 

5  cyclo[Aoa-Gln-Tip-Ala-Val-D-Ala-His-Leu-] 

51 

ND 

ND 

6  Phe8y[CH2N(CH3]Leu9litorin 

0.56  &  25 

+ 

- 

7  Ac-D-Phe-Gln-Tip-Ala-Val-Gly-His-Leu-AEPhe-OCH3 

18 

+/- 

- 

8  Ac-D-Phe-Gln-Tip-Ala-Val-Gly-His-Leu-AzPhe-OCH3 

1.7 

+/- 

+ 

9  Litorin,  pGlu-Gln-Trp-Ala-V al-Gly-His-Phe-Met-NH2 

0.11 

+ 

- 

“Abbreviations:  (Ag)  Agonist;  (Antag)  Antagonist. 


A  comparison  of  the  conformations  of  the  bombesin-like  agonists  and 
antagonists  was  made  by  CD  spectroscopy  in  TFE  (Figure  1).  Agonists  and 
antagonists  reported  here  give  different  CD  spectra,  however  both  appear  to  adopt 
ordered  conformations.  Interestingly  we  have  found  that  the  y[CH2N(CH3)] 
substituted  analog  has  a  similar  CD  spectrum  to  that  of  litorin  (5).  This  suggests  a 
correlation  of  CD-observed  ordered  structure  to  agonist/antagonist  activity. 
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Fig.  1.  CD  spectra  of  litorin  and  analog  2  in  trifluoroethanol. 

This  work  examined  backbone  and  side  chain  modifications  having  a 
pronounced  effect  on  receptor  binding  and  activation.  The  correlation  of  CD 
structures  to  agonist/antagonist  activity  suggests  a  role  of  ordered  structure  in 
receptor  binding  and  activation.  The  conformation  of  the  COOH-terminal  phenyl 
ring  significantly  influences  receptor  binding  and  activation.  However,  deletion  of 
the  COOH-terminal  residue  in  combination  with  an  NHrterminal  octyl  group  results 
in  significant  retention  of  antagonist  receptor  affinity.  This  effect  may  be  mediated 
by  a  folded  conformation  as  evidenced  by  the  octyl  containing  cyclic  peptide. 
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Introduction 

Neuropeptide  Y  (NPY)  is  a  36  residue  C-terminally  amidated  polypeptide 
belonging  to  the  pancreatic  polypeptide-fold  (PP-fold)  family  which  has  been  shown 
to  be  involved  in  many  physiological  and  pharmacological  actions  [1,2],  Specific 
receptors  for  neuropeptide  Y  are  presumed  to  occur  in  two  distinct  forms,  designated 
Y  i  and  Y2  receptors,  though  other  forms  have  been  proposed  [3].  Distinction 
between  the  two  types  is  derived  from  differential  binding  properties  of  C-terminal 
fragments  and  other  centrally  truncated  analogs  of  NPY.  While  it  was  previously 
shown  that  the  amidated  C-terminal  segment  was  essential  for  triggering  biological 
activity  [4],  and  residues  in  the  N-terminal  portion  were  essential  for  potent 
interaction  of  NPY  with  the  Yi  receptor  by  stabilizing  the  proximity  of  the  N-  and 
C-termini  [5],  it  was  postulated  that  the  residues  composing  the  central  core  of  NPY 
contained  only  features  of  structural  significance  (i.e.  helicity,  hydrophobicity, 
intramolecular  stability)  and  therefore  were  not  essential  for  direct  receptor 
interaction.  The  use  of  molecular  modeling  suggested  several  possible  options  for 
constructing  analogs  of  NPY  in  which  the  central  segment,  residues  10-17,  was 
removed.  We  have  previously  reported  the  binding  properties  of  centrally  truncated 
and  internally  constrained  analogs  of  NPY  [6, 7],  ultimately  leading  to  the  production 
of  analogs  with  high  selectivity  for  the  Y2  receptor.  In  continuation  of  this  study, 
we  report  here  the  synthesis  and  structure-activity  relationships  of  a  series  of  linear 
and  cyclic  deletion  analogs  based  on  des-AA1(M7[Cys7>21]-NPY,  an  analog  that 
maintained  highest  affinity  to  the  Y]  receptor  in  our  previous  investigations. 

Results  and  Discussion 

All  peptides  were  synthesized  manually  using  the  Boc-strategy,  cleaved  by 
anhydrous  HF  and  purified  by  HPLC.  Cyclic  compounds  were  obtained  by  air 
oxidation.  In  previous  SAR  studies,  we  noted  that  analogs  having  central  residues 
6-24  deleted  produced  high  selectivity  for  the  Y2  type  receptor  without  loss  of 
affinity.  However,  since  many  of  the  biological  effects  of  NPY  appear  to  be 
mediated  by  the  Y]  receptor,  it  was  our  desire  to  instead  construct  truncated  analogs 
which  retained  high  affinity  for  the  Yt  receptor.  Circular  dichroism  (CD) 
spectroscopy  indicated  that  the  deletion  of  residues  10-17  (2),  a  region  expected  to 
form  an  amphipathic  a-helix,  indeed  failed  to  demonstrate  a  strong  negative 
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Table  1  Peptide  sequences  and  binding  affinities 


Cpd  Sequence 

Y! 

y2 

1 

1  5  10  15  20  25  30  35 

YPSKPDNPGEDAPAEDLARYY  SALRHYINLTTRQR  Y 

2.0 

0.3 

2 

YPSKPDNPG 

ARYYSAUtHYINLITRQRY 

77 

2.5 

3 

Ac-YPSKPDNPk(e-Ac) 

ARYYSALRHYINLITRQRY 

87 

1.8 

4 

4c-YPSKPDNPk(e-A-4c) 

ARYYSALRHYINLITRC^Y 

96 

1.0 

5 

YPSKPDflEQ _ 

ARY  CS  ALRHYINLITRORY 

5.0 

1.3 

6 

YPSKPDCKitedc) _ 

ARY  CS  ALRHYTNLITROR  Y 

6.0 

3.3 

7 

Ac-YPSKFDCPGk(e-L-Ac) 

ARYCSALRHYINIJTRORY 

12 

5.5 

8 

YPSKPDcPK(E-Ac) _ 

ARYCSALRHY1NLITRORY 

160 

5.4 

9 

YPSKFDcPk(E-Ac) 

ARYCSALRHYINIJTRORY 

28 

5.2 

"Small  letters  indicate  D  amino  acids,  Ac  =  acetyl;  bridge  position  represented  by 
underline.  bBinding  values  expressed  as  Kj  (in  nM),  where  cell  lines  were  derived  from 
human  neuroblastoma  cells,  SK-N-MC  (Y !  type)  and  SK-N-BE2  (Y 2  type). 


Fig.  1.  Circular  dichroism  spectrum  of  compounds  2  ( — )  and  5  ( — ■)  in  0.01  M  phosphate 
buffer,  pH  7.4;  data  collected  was  average  of  four  scans  recorded  on  Aviv  Model  62DS 
spectropolarimeter  (Aviv  Assoc.,  Lakewood,  NJ)  using  0.5  mm  cuvettes. 

ellipticity  at  222  nm  (Figure  1).  The  presence  of  an  intramolecular  constraint 
between  residues  7  and  21  resulted  in  an  analog  (5)  with  higher  affinity  to  the  Yj 
receptor  than  the  linear  (2),  while  slightly  decreasing  the  affinity  to  the  Y2  receptor. 
The  fact  that  a  single  modification  results  in  opposing  binding  properties  suggests 
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that  each  receptor  type  recognizes  specific,  yet  different,  pharmacophores.  Despite  a 
15-fold  increase  in  affinity  at  the  Y)  receptor  over  the  linear  deletion  analog,  the 
constrained  analog  (5)  failed  to  give  evidence  of  secondary  structural  integrity  as 
measured  by  CD  (Figure  1).  Since  the  constrained  analog  (5)  bound  with  high 
affinity,  it  is  therefore  suspected  that  essential  information  needed  for  enhancement  of 
Y|  receptor  recognition  is  independent  of  the  central  a-helical  segment,  but  rather  it 
is  the  spatial  alignment  of  the  two  termini  that  contributes  most  to  high  affinity 
binding  to  the  Y  i  receptor.  Indeed,  if  the  role  of  the  central  segment  was  merely  to 
act  as  a  template  to  present  the  peptide  binding  site,  then  the  extention  of  a  branch 
from  the  turn  region  of  an  optimized  analog  would  not  be  expected  to  affect  binding. 
When  an  acetylated  D-lysine  was  substituted  at  position  10  in  a  constrained  analog 
(6),  binding  to  the  Y|  receptor  was  only  slightly  reduced.  However,  if  the  N- 
terminus  was  also  acetylated  (7),  binding  was  reduced  by  two  fold.  We  have 
previously  found  that  acetylation  of  the  N-terminus  of  native  NPY  reduced  affinity  to 
the  Y|  receptor  by  10-fold  (unpublished  results).  Branch  extension  in  corresponding 
linear  analogs  (3  and  4)  likewise  did  not  produce  a  deletrious  effect  on  binding  when 
compared  to  the  parent  deletion  analog  (2),  again  suggesting  that  the  central  segment 
is  not  a  critical  element  of  peptide/receptor  interaction. 
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Introduction 

The  Alzheimer’s  afflicted  brain  is  characterized  by  the  presence  of  extracellular 
plaques  which  consist  largely  of  a  39-43  amino  acid  protein  known  as  $-amyloid.  A 
synthetic  peptide  corresponding  to  ^-amyloid's  C-terminus  ($34-42;  NH2- 
mLMVGGVVIA42-COOH)  has  been  previously  shown  to  form  highly  insoluble 
amyloid  fibrils  in  vitro  [1].  We  have  been  examining  the  structure  of  this  portion  of 
the  protein  under  the  hypothesis  that  this  region  determines  the  kinetics  of 
aggregation  of  $-amyloid  in  vivo.  Rotational  resonance  solid  state  NMR  has  located 
a  cis  amide  bond  between  residues  G37  and  G38  in  the  fibrillar  aggregate  of  $34-42 
[2].  A  number  of  truncated  and  sequence  variant  analogs  of  this  region  have  now 
been  synthesized  and  characterized  for  their  ability  to  form  amyloid  fibrils  by  electron 
microscopy  (EM),  FTIR,  and  congo  red  staining.  Furthermore,  analogs  which 
explore  die  cis  amide  conformational  bias  at  G37-G38  have  been  synthesized.  Each 
of  the  synthetic  analogs  formed  fibrils  as  determined  by  EM  and  exhibited  similar 
characteristic  $-sheet  bands  in  the  amide  I  region  of  the  FTIR  spectrum.  However, 
differences  in  the  kinetics  of  aggregation  of  these  various  analogs  stress  the 
importance  of  the  $ -branched  nature  of  the  C-terminal  residues  as  well  as  the 
conformational  flexibility  of  the  G37-G38  amide  bond. 

Results  and  Discussion 

Peptides  were  synthesized  manually  using  standard  solid  phase  protocols.  The 
ester  isostere  was  incorporated  by  reaction  of  bromoacetic  anhydride  [3]  with  NH2- 
WIA-PAM  resin  followed  by  overnight  treatment  with  the  cesium  salt  of  Boc-Gly. 
The  full  depsi  analog  was  then  completed  by  standard  Boc  chemistry.  The  pyrrole 
isostere  was  synthesized  via  the  method  of  Abell  et  al.  [4],  protected  as  its  Fmoc 
derivative,  and  incorporated  into  the  sequence  of  $34-42  on  the  HMPB-MBHA  resin 
(1%  TFA  cleavage). 

The  kinetics  of  aggregation  of  the  peptide  analogs  were  followed  utilizing  a 
turbidity  assay  [3].  Aggregation  was  initiated  by  the  addition  of  a  DMSO  solution 
(90  pL)  of  the  analog  to  a  stirred  cuvette  containing  buffer  (910  pL;  100  mM  NaCl, 
10  mM  NaH2P04,  pH  =  7.4).  The  turbidity  of  the  resultant  373  pM  solution  was 
then  measured  over  time  at  400  nm.  Final  solubilities  of  the  peptides  were 
determined  by  amino  acid  analysis  of  the  filtrate  (0.22  pm  filter)  obtained  after  one 
week  stirring. 
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Table  1  Activity  results  of  fi-amyloid  analogs 


P34-42  Analogs 

Thermodynamic  Solubility  (±10%) 

1 

NHrLMVGGWIA-COOH 

26pM 

2 

NHrLMVGGVNvaLA-COOH 

25pM 

3 

NH2-LMVG4,(CX>2)GVVIA-COOH 

19flM 

4 

NH2-LMVG'P(NMeCO)GVVIA-COOH 

27pM 

5 

NH2-LMW(C4N)WIA-COOH 

8pM 

6 

NHr LMV  -C^- V VIA-COOH 

4pM 

Table  1  lists  some  of  the  analogs  of  ($34-42  synthesized.  All  of  these  analogs 
formed  fibrils  which  were  visualized  via  EM.  In  addition,  the  FTTR  spectra  of  these 
analogs  were  characterized  by  the  presence  of  a  strong  amide  I  band  at  -1630 
indicative  of  ($-sheet  structure.  However,  these  methods  are  not  sensitive  enough  to 
distinguish  detailed  structural  differences  in  die  solid  state  of  these  peptides. 

The  thermodynamic  solubility  of  the  first  four  entries  in  Table  1  (peptides  1  - 
4)  was  similar.  However,  each  of  these  peptides  exhibited  differences  in  aggregation 
kinetics  when  studied  by  the  turbidity  assay.  Previously,  similar  peptides  have  been 
shown  to  aggregate  via  a  nucleation-dependent  mechanism  [5].  The  natural  sequence, 
($34-42,  aggregated  immediately  under  the  conditions  of  this  assay  (Figure  1). 
However,  the  Nva40/Leu41  analog,  which  conservatively  decreases  the  ^-branched 
nature  of  the  C-terminus,  exhibited  a  lag  time  before  fibril  growth.  Hence,  the  P- 
branching  of  residues  V40  and  141  restricts  the  conformational  freedom  of  this 
portion  of  the  peptide,  thus  increasing  the  rate  of  the  critical  nucleation  step. 

As  previously  mentioned,  the  G37-G38  amide  bond  assumes  a  cis  conformation 
in  the  solid  state  [1].  Replacement  of  this  amide  with  its  ester  isostere  yielded  a 
peptide  (3)  which  aggregated  with  a  much  faster  growth  rate.  Rotation  about  the 
ester  bond  should  be  faster  than  rotation  about  the  amide  bond.  This  suggests  that 
the  fibril  growth  rate  is  influenced  by  the  rate  of  cis-trans  isomerization  about  this 
bond. 

Introduction  of  cis  amide  mimics  at  the  37-38  position  was  next  explored.  The 
pyrrole  analog  (5)  aggregated  faster  than  the  natural  sequence,  as  would  be  predicted  if 
the  preferred  aggregating  conformation  was  cis  (data  not  shown).  The  more 
conformationally  restricted  p-aminobenzoic  acid  derivative  (6),  however,  exhibited  a 
lag  time  in  this  assay.  Again,  although  these  peptides  display  different  rates  of 
aggregation,  their  thermodynamic  solubilities  are  similar.  Further  characterization  of 
the  effect  of  cis  amide  mimics  on  the  kinetics  of  aggregation  is  underway.  One  point 
is  clear,  however:  the  final  thermodynamic  solubility  of  the  peptide  analog  (Table  1) 
is  not  directly  related  to  its  aggregation  kinetics. 
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Fig.  1.  Turbidity  assay  of  p34-42  ((1),  LMVGGWIA);  the  Nva/Leu  analog  ((2), 
LMVGG VNvaLA );  and  the  depsi  analog  ((3).  LMVG'HC02)GW1A).  The  concentration  of 
each  peptide  was  375  pM. 

Differences  in  the  kinetics  of  aggregation  of  the  various  analogs  in  this  study 
stress  die  importance  of  both  the  branched  nature  of  the  C-terminal  residues  and  the 
conformational  flexibility  of  the  G37-G38  amide  bond.  We  believe  further  study  of 
similar  peptide  analogs  will  eventually  aid  in  the  design  of  an  inhibitor  of  amyloid 
aggregation  as  a  potential  therapeutic  for  Alzheimer’s  disease. 
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Introduction 

The  heptapeptides  deltorphin  I  and  n,  Tyr-D-Ala-Phe-Xxx-Val-Val-GlyNH2, 
where  Xxx  =  Asp  or  Glu  for  deltorphin  I  and  II,  respectively,  are  naturally  occurring 
opioids  isolated  from  frog  skin  which  have  been  shown  to  exhibit  high  selectivity  for 
the  5  type  of  opioid  receptor  [1].  This  high  selectivity  is  due  largely  to  the  anionic 
side  chain  of  residue  4  which  diminishes  p  but  not  S  receptor  affinity  [2],  while  high 
5  binding  affinity  is  dependent  upon  an  intact  C-terminal  tripeptide  [3].  It  has  been 
proposed  that  this  tail  plays  a  conformational  role  by  inducing  a  {1-turn  involving 
residues  3-6  [4].  We  have  previously  suggested  [3]  that  a  similar  conformational 
element  exists  in  a  series  of  cyclic,  5  selective  tetrapeptide  opioids,  exemplified  by 
Tyr-c[D-Cys-Phe-D-Pen]  (JOM-13),  which  we  described  prior  to  the  discovery  of  the 
deltorphins  [6].  In  JOM-13,  which,  like  the  deltorphins  has  a  Tyr-Z)-Yyy-Phe  N- 
terminal  sequence,  the  disulfide  cyclization  has  a  similar  conformational  effect  as  the 
tripeptide  tail  in  the  deltorphins  and  results  in  the  high  5  binding  affinity  displayed 
by  this  tetrapeptide.  In  an  effort  to  better  define  the  role  of  C-terminal  conformation 
on  8  selectivity  and  affinity,  we  have  examined  a  series  of  cyclic  heptapeptide  and 
related  truncated,  pentapeptide  deltorphin  analogs  and  report  these  results  here. 

Results  and  Discussion 

Binding  affinities,  Kj,  for  the  deltorphin  analogs  at  p  (displacement  of 
[3H]DAMGO)  and  5  (displacement  of  [3H]DPDPE)  receptors  in  guinea  pig  brain 
membrane  preparations  are  summarized  in  Table  1.  Binding  affinities  for  k  receptors 
were  also  assessed,  but  none  of  the  analogs  displayed  significant  affinity  for  this 
receptor.  As  seen  in  Table  1,  extending  the  C-terminus  of  JOM-13  with  the 
deltorphin  tripeptide  tail  has  no  effect  on  5  affinity,  but  slightly  improves  p  affinity, 
consistent  with  the  observation  that  an  anionic  side  chain  in  residue  4  of  deltorphin 
enhances  5  selectivity  by  interfering  with  p  binding.  In  JOM-13  this  role  is  played 
by  the  C-terminal  carboxylate  which  is  absent  in  the  extended  structure,  1,  and 
consequently  p  affinity  of  the  latter  increases. 
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Table  1  Opioid  receptor  binding  profiles  of  cyclic  deltorphins 


Peptide  Analog 

DAMGO* 

Binding  Kj  (nM) 

DPDPE  KjOtyiC^S) 

Tyr-D-Cys-Pbe-D-PfenOH  (JOM-13) 

107 

1.79 

60 

Tyr-D-Ala-Phe-Glu-Val-Val-GlyNHj  (Delt  II) 

1310 

2.69 

487 

Tyr-D-Ala-Pbe-Asp-Val-Val-GlyNH2  (Delt  I) 

677 

1.73 

391 

Tyr-D-Met-Phe-His-Leu-Met-AspNH2  (Denk) 

266 

3.17 

83.9 

1  Tyr-D-Cys-Phe-D-Pen- V  al- V  al-GlyNHj 

70 

3.0 

23.3 

2  Tyr-D-Cys-Phe-L-Pen-Val-Val-GlyNHj 

41 

3.3 

12.4 

3  Tyr-D-Cys-Phe-Glu-D-Pen-Val-GlyNH2 

967 

17.8 

54.3 

4  Ty r-D-Cys-Phe-Glu-L-Pen-  Val-Gly  NHj 

225 

4.18 

53.8 

5  Tyr-D-Cys-Phe-Glu-D-PenNH2 

50.4 

2.33 

21.6 

6  Tyr-D-Cys-Phe-Glu-L-PCnNH2 

45.5 

6.42 

7.1 

7  Tyr-D-Cys-Phe-His-^Pen-Nle-AspNH2 

21.1 

3.56 

5.9 

8  Tyr-D-Cys-Phe-His-D-Pen-Nle-AspNH2 

756 

3.06 

247 

9  Tyr-D-Cys-Phe-His-Z)-PenNH2 

29.4 

0.58 

51 

DAMGO=[3H][D-Ala2,  NMePhe4,  Gly3-ol]enkephalin;DPDPE=[3H][D-Pen2,  D-Pcn5]- 
enkephalin 


Interestingly,  the  residue  4  diastereomer,  2,  is  essentially  equivalent  to  1  in 
both  affinity  and  selectivity.  In  the  heptapeptides  3  and  4  and  the  corresponding 
truncated  pentapeptides  5  and  6  a  carboxyl  side  chain  in  residue  4  is  reinstated  via  a 
2-3  disulfide  cyclization  scheme.  All  four  analogs  maintain  good  5  affinity,  however 
5  selectivity  is  reduced  relative  to  deltorphin  II,  especially  for  the  truncated  peptides. 
Heptapeptides  7  and  8  utilize  a  similar  2-3  cyclization  approach  in  analogs  related  to 
a  third  5  selective  frog  skin  derived  heptapcptide,  dermenkephalin  (Denk)  [7].  Both 
analogs  display  similar  8  affinity  as  Denk,  however,  while  the  L-Pen3  diastereomer  is 
virtually  nonselective,  the  D-Pen3  isomer,  8,  is  equally  selective  with  Denk,  itself. 
Finally,  the  C-terminal  truncated  analog  9,  exhibits  reduced  selectivity  relative  to 
heptapeptide  8,  however  its  8  affinity  is  ca.  6-fold  higher. 

The  results  presented  above  support  the  premise  that  the  C-terminal  tails  of  the 
deltorphins  and  dermenkephalin  contribute  to  the  5  receptor  affinity  of  these  peptides 
primarily  by  a  conformational  effect  and  that  in  the  cyclic  analogs  described  here,  this 
conformational  role  is  served  by  the  cyclization.  Consequently,  extending  the  C- 
terminus  of  the  cyclic  tetra-  and  pentapeptide  structures  yields  no  additional  binding 
attraction  for  the  5  receptor,  and,  in  fact,  sometimes  leads  to  a  slight  reduction  in  6 
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affinity  (e.g.,  3  vs.  5  and  8  vs.  9).  The  extended  structures  do,  however,  display 
slightly  improved  S  selectivity  which  can  be  attributed  to  the  consistently  lower  p 
affinity  of  the  heptapeptides. 
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Introduction 

The  amyloid  A4,  or  0-peptide  ("0-amyloid")  is  a  major  component  of 
extracellular  amyloid  deposits  that  are  typical  in  Alzheimer’s  disease.  According  to 
the  amyloid  cascade  hypothesis  [1]  the  pathological  route  for  the  disease  is  most 
likely  the  following:  0-amyloid  deposition  T-phosphorylation  and  formation  of 
neurofibrillary  tangles  — >  cell  death. 

0-amyloid  peptides  proved  to  be  neurotoxic  [2],  Kowall  and  Yankner  found  that 
the  B-amyloid  1-40  is  a  potent  neurotoxin  in  the  brain  and  its  effects  can  be  blocked 
by  Substance-P.  However,  according  to  Mitsuhashi  [3],  various  0-amyloid  peptides 
do  not  interact  with  the  cell  culture  Substance-P  receptors. 

It  is  not  understood  why  0-amyloid  peptides  have  high  neurotoxicity,  and 
whether  Substance-P  has  any  protecting  role  against  the  neurotoxic  effect  of  0- 
amyloids. 

In  our  previous  experiments  [4]  0-amyloid  1-42  peptides  definitely  proved  to  be 
neurotoxic  in  cell  cultures.  Our  aim  was  to  investigate  why  0-amyloid  peptides  are 
neurotoxic,  and  what  is  the  first  event  which  triggers  the  death  of  neurons  and  starts 
the  development  of  Alzheimer's  disease. 

Results  and  Discussion 

Human  0-amyloid  peptide  1-42,  and  two  analogs  ([Gln]22-0-l-42,  [Gln],5-0-l- 
42)  as  well  as  rat  amyloid  0-1-42  were  synthesized  with  standard  Boc-chemistry  on 
MBHA  resin.  After  purification  the  peptides  were  stored  under  different  conditions: 

a)  in  solution  (50  pg/ml  concentration)  at  20°C,  4°C,  or  -20°C 

b)  in  the  form  of  lyophilized  powder 

Peptide  purity  was  regularly  checked  with  RP-HPLC.  We  have  found  that  all 
0-1-42  peptides  are  unique:  they  show  an  enormously  high  affinity  for  aggregation: 
the  higher  the  concentration  of  the  aqueous  solution  the  higher  the  aggregation  rate. 
The  0-1-42  peptide  monomers  cannot  be  stored  as  lyophilized  p-  wder  even  at  -20°C, 
after  a  few  weeks  a  mixture  of  aggregates  can  be  found  in  the  place  of  the  original 
homogeneous  peptide.  The  best  method  for  the  storage  of  0-amyloid  peptides  is  to 
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dissolve  them  in  aqueous  trifluoroethanol  (1:1  v/v)  in  a  concentration  of  20  |i.g/ml, 
and  store  the  solution  at  -20°C. 

All  (3-amyloid  peptides  proved  to  be  toxic  in  18-day  old  rat  brain  cortical  cell 
cultures  containing  different  types  of  neurons  and  glial  cells.  The  neurotoxicity  of 
short  peptide  sequences  (e.g.  the  (3-31-35  pentapeptide)  is  similar  to  (3-1-42. 

Electron  microscopic  studies  have  shown  that  (3-amyloid  peptides  (even  the 
short  sequences)  impair  calcium  homeostasis  and  increase  die  intraneuronal  calcium 
concentration. 

In  other  experiments  we  have  found  that  (3-amyloid  peptides  do  not  interact  with 
the  Substance-P  receptors;  these  results  support  those  of  Mitsuhashi’s  investigations. 

A  New  Alzheimer's  Model.  According  to  literature  data,  the  amyloid  precursor 
protein  (APP)  is  a  heterogeneous  membrane  glycoprotein.  An  extracellular  protease 
(secretase)  cleaves  the  polypeptide  chain  between  amino  acids  612  and  613  (  "normal 
cleavage")  resulting  in  water  soluble  polypeptides.  In  our  new  model  the  same 
enzyme  might  be  responsible  for  the  "alternative  cleavage"  of  APP,  which  gives 
water-insoluble  peptides  ((3- amyloids)  containing  38-43  amino  acid  residues.  These 
peptides  are  neurotoxic  and  can  kill  neurons  in  two  different  ways: 

1.  The  peptide  chains  aggregate  and  precipitate  among  the  neurons, 
deteriorating  axons  and  dendrites.  Precipitation  of  other  proteins  on  the  surface 
of  the  growing  (J-amyloid  aggregate  results  in  formation  of  amyloid  plaques. 

2.  The  amyloid  peptides  may  interfere  with  the  functioning  Ca2+  channels. 
The  increase  of  the  intracellular  Ca2+  level  shifts  the  enzyme  equilibrium  of  the 
neurons:  some  enzymes  (e.g.  protein  kinase  C)  are  activated,  other  enzymes  are 
more  or  less  inhibited.  The  phosphorylation  of  APP  in  "abnormal"  position 
results  in  conformational  changes  and  facilitates  the  "alternative"  cleavage  of 
APP.  More  0-amyioid  peptides  are  formed  causing  an  accelerating  cell  death. 
Neurons  possessing  a  higher  concentration  of  Ca2+-binding  proteins  could 
survive.  (This  might  be  the  reason  why  some  neurons  are  not  deteriorated  in 
the  first  stage  of  Alzheimer’s  disease  and  cholinergic  neurons  die  first.) 

In  the  dying  neurons  neurofilaments  and  neurofibrillary  tangles  are  formed  from 
x-proteins  and  also  from  other  cell  proteins.  In  the  final  stage  the  whole  protein 
content  of  the  cell  precipitates  and  the  cell  dies.  (Only  component  of  these 
precipitates  is  the  x-protein.)  The  increased  Ca2+  level  results  in  formation  of  highly 
phosphorylated  proteins,  however,  this  event  must  no;  1  ^  overestimated:  this  is  only 
a  consequence  and  not  the  reason  for  the  disease. 

If  cell  membranes  are  intact,  the  "alternative"  cleavage  (and  the  formation  of  (3- 
amyloid  peptides)  is  not  preferred.  However,  highly  reactive  free  oxygen  radicals  can 
oxidize  the  unsaturated  fatty  acids  of  the  cell  membrane  resulting  in  the  formation  of 
neurotoxic  amyloid  peptides.  The  released  peptides  attack  other  neurons  causing  the 
increase  of  cell  death  in  the  brain.  The  whole  process  is  a  biological  "chain 
reaction":  a  positive  feed-back  resulting  in  accelerating  neuronal  death,  formation  of 
amyloid  plaques  and  Alzheimer’s  disease.  Free  radicals  could  react  with  the  vitamin  E 
content  of  the  cell  membrane,  so  vitamin  E  could  possess  a  protective  effect 
preventing  membrane  deterioration  and  the  formation  of  neurotoxic  amyloid  peptides. 

According  to  our  experiments,  the  triggering  event  of  Alzheimer's  disease  is  the 
formation  and  aggregation  of  neurotoxic  amyloid  peptides.  Alzheimer's  disease  is 
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polyetiological  because  the  release  of  these  peptides  could  have  various  reasons  (e.g. 
Down-syndrome,  mechanical  injury  of  the  neurons  in  professional  fighters,  decreased 
activity  of  the  immune  system,  hereditary  reasons  in  the  familiar  Alzheimer's  disease, 
etc.).  Protection  of  membranes  with  antioxidants  (vitamin  E  and  C)  might  be  useful 
in  preventing  or  to  stop  the  disease. 
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Introduction 

Most  polypeptide  animal  toxins  are  highly  active  ligands  that  interfere  with  the 
function  of  specific  ion  channels.  One  such  toxin,  Leiurotoxin  I  from  the  scorpion 
Leiurus  quinquestriatus  hebraeus  has  been  reported  to  act  as  a  blocker  of  small- 
conductance  Ca2+-activated  K+  channels  in  various  cell  types  [1].  Leiurotoxin  I 
possesses  binding  and  physiological  properties  similar  to  those  of  the  bee  venom 
toxin  apamin.  Recently,  a  toxin,  termed  P05,  was  isolated  from  the  venom  of  the 
scorpion  Androctonus  mauretanicus  mauretanicus .  It  is  both  structurally  and 
functionally  related  to  leiurotoxin  I  with  87%  sequence  identity  (Figure  1)  [2].  By 
analogy  with  leiurotoxin  I,  the  a-amidated  form  of  P05  (sP05-NH2)  was  chemically 
synthesized  by  the  solid  phase  method.  The  disulfide  bridge  pairings  of  P05  had  been 
mapped  by  both  enzymatic  and  partial  acidolytic  cleavages  of  the  synthetic  product 
P05-NH2.  The  conformational  properties  of  the  toxin  were  assessed  by  circular 
dichroism  analysis  of  sP05-NH2  and  molecular  dynamics.  The  binding  properties  of 
P05  were  compared  with  those  of  several  structural  C-terminal  carboxyl-amidated 
analogs,  and  apamin  [3], 

Results  and  Discussion 

sP05-NH2  was  synthesized  on  MBHA  using  optimized  Boc/benzyl  chemistry. 
After  HF  cleavage,  the  erode  peptide  was  partially  purified  by  preparative  MPLC, 
oxidized  by  exposure  to  air,  and  purified  to  98%  homogeneity  by  semi-preparative 
HPLC.  Synthesis  of  the  two  Arg-substituted  analogs  ([Lys6,Lys7]  sP05-NH2  and 
[LeugJLeu^  sP05-NH2)  was  also  achieved. 

AH  the  synthetic  peptides,  native  P05  and  apamin,  were  tested  for  inhibition  of 
t,25IJ  apamin  binding  to  rat  brain  synaptosomes.  sP05-NH2  competed  with  t125ll 
apamin  and  had  a  much  higher  affinity  for  the  binding  site.  The  binding  of  [,25lJ- 
apamin  was  totally  abolished  at  10" 13  M  concentration  of  sP05-NH2when  the 


a 


•* 

i 

1 

i 


<1, 


520 


* 


i 


J.-M.  Sabatier  et  al. 


Neuropeptides 


P05 

1  3  8  12  21  26  28  31 

TVCNLRRCQLSCRSLGLLGKCIGVKCECVKH 


Ceiufotoxin  I 

1  10  20  31 

AFCNLRMCQLSCRSLGLLGKCIGDKCECVKH-** 


Apamin 


13  11  15  18 

CNCKAPETALCARRCQQH 


Fig.  1.  Primary  structures  (one-letter  code)  of  P05,  leiurotoxin  l,  and  apamin.  Established 
( apamin )  or  deduced  (P05)  disulfide  bridge  pairings  are  indicated  by  plain  lines. 

competing  molecules  were  added  together,  or  when  sP05-NH2  was  preincubated  with 
the  synaptosomes  before  addition  of  [l25I]  apamin.  These  experiments  suggest  that 
sP05-NH2  either  binds  irreversibly  or  dissociates  much  more  slowly  than  apamin. 
Native  P05  and  analogs  of  sP05-NH2  also  competed  with  [I25I]  apamin  fra-  binding 
to  synaptosomes,  with  half-effects  (Kos)  obtained  at  the  concentrations  of  6  x  l(f12 
(apamin),  2  x  10-“  (P05),  2  x  lfr10  (diiodo-sP05-NH2),  2  x  10-9  «Lys6,Lys7]  sP05- 
NH2)  and  10-7  M  ([Leu^Leu-?]  sP05-NH2).  In  vivo,  the  synthetic  peptides,  except 
[Leu6>Leu7]  sP05-NH2,  caused  neurotoxic  and  lethal  effects  in  mice  with  clinical 
symptoms  identical  to  those  induced  by  native  P05  or  apamin.  The  LDjq  per  mouse 
were  12  (apamin),  20  (P05,  sP05-NH2),  80  (diiodo-sP05-NH2),  and  200  ng 
([LySft,Lys7]  sP05-NH2).  Peptide  [Leu6,Leu7]  sP05-NH2  was  inactive  at  the  dose  of 
10  mg. 

To  investigate  conformational  properties  of  sP05-NH2,  disulfide  pairings  were 
established  after  enzymatic  digestion  and  partial  acid  hydrolysis.  The  disulfides  were 
mapped  between  Cys3-Cys2|,  Cysg-Cys26,  and  Cys^-Cys^ .  A  model  for  P05  was 
obtained  by  molecular  dynamics  using  the  positions  of  the  disulfide  bridges  of  sP05- 
NH2  and  the  secondary  structure  of  leiurotoxin  I.  P05  appears  to  be  mainly  composed 
of  a  double-stranded  antiparallel  P-sheet  (from  Leulg  to  Val^)  linked  to  an  a-helix 
(from  Arg6  to  Gly16)  by  disulfides  (Cysg-Cys^  and  CysijCys^)  and  to  an  extended 
fragment  (from  Thrt  to  Leu$)  by  disulfide  (Cys3-Cys2i).  Circular  dichroism  analysis 
of  sP05-NH2,  [Ly8g,Lys7]  sP05-NH2,  and  [Leug,Leu7]  sP05-NH2  were  performed  at 
various  pH  values  or  percentages  of  TFE.  The  spectra  obtained  for  each  peptide  under 
different  conditions  were  superimposable,  confirming  the  rigidity  of  their  structures. 
Remarkably,  the  P05  polypeptide  backbone  from  the  model  was  found  to  be  very 
similar  to  that  of  particular  stretches  of  CsE  V3,  AaH  n,  and  AaH  IT. 
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Pharmacological  experiments  on  rat  brain  synaptosomes  indicated  that  the  C- 
terminal  carboxyl-amidated  analog  of  P05  (sP05-NH2)  binds  irreversibly,  a  novel 
property  for  scorpion  toxins.  This  result  indicates  that  the  C-terminal  His  is 
implicated  in  the  toxin  to  receptor  interaction.  Interestingly,  the  specific  binding 
properties  of  sP05-NH2  need  the  integrity  of  the  His  imidazole  ring,  as  shown  by  the 
different  activity  of  the  iodinated  product. 

From  the  models,  the  N-terminal  region  of  P05  appears  to  be  structurally 
similar  to  the  C-terminus  of  apamin:  both  contain  an  a-helical  core  with  a  pair  of 
Arg  residues  protruding  from  the  surface  of  the  molecule  The  pair  of  Arg  residues 
(Arg13-Argi4)  was  reported  to  be  crucial  for  high  apamin  pharmacological  activity 
[4].  These  observations  suggest  that  Argg  and  Arg7  of  P05  may  be  essential,  or  at 
least  contribute,  to  the  apamin-like  biological  properties  of  P05.  To  investigate  their 
importance  in  the  bioactivity  of  sP05-NH2,  two  Arg-substituted  sP05-NH2  analogs 
were  designed  and  synthesized.  Pharmacological  assays  clearly  showed  that  these 
residues,  or  at  least  positive  charges,  are  required  for  the  biological  activity  of  sP05- 
NH2.  Analogs  whose  Arg  are  substituted  by  Lys  ([Lys6,Lys7]  sP05-NH2)  had  lower 
activities  than  sP05-NH2  (10%  toxicity;  Kqj  =  2  x  10"9  M),  while  those  whose  Arg 
are  substituted  by  Leu  ([Leu$,Leu7]  sP05-NH2)  exhibited  only  residual  activity 
(toxicity  <0.2%;  Ko  5=  10'7M).  These  results  agree  with  structure-activity  analyses 
of  apamin. 

Structure-activity  analysis  of  the  new  natural  analog  of  leiurotoxin  I,  P05,  has 
shown  the  following;  1)  the  C-terminal  carboxyl-amidation  of  His  induces  a 
considerable  strengthening  of  the  toxin  to  receptor  interaction,  giving  to  sP05-NH2 
the  properties  of  an  irreversible,  apamin-sensitive,  Ca2+  -activated  K+  channel 
blocker,  ii)  the  two  Arg  residues,  presumably  located  in  an  a-helix  (like  apamin),  and 
the  C-terminal  His  are  involved  in  the  interaction  with  the  receptor.  Modeling  of  P05 
suggests  that  the  three  residues  are  located  on  the  same  side  of  the  molecule.  The 
overall  date  strongly  suggest  the  importance  of  the  common  a-helical  core  for 
activity  of  this  group  of  pharmacologically-related  toxins.  Interestingly,  structure- 
activity  relationship  studies  of  long  scorpion  toxins  (60  to  70  residues,  four  disulfide 
bridges)  indicate  that,  in  this  case,  the  a-helical  structure  is  not  involved  in 
pharmacological  activity,  but  more  probably  in  stabilizing  an  active  conformation  of 
a  solvent-exposed  hydrophobic  region.  This  indicates  that  further  studies  on  scorpion 
toxins  are  needed  to  understand  the  precise  molecular  basis  of  the  toxin-receptor 
recognition. 
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Introduction 

The  conformational  flexibility  of  linear  opioid  peptides  is  most  likely  the 
reason  for  the  lack  of  their  specificity  toward  the  different  opioid  receptor  classes, 
because  conformational  adaptation  to  the  various  receptor  topographies  is  possible. 
Conformational  restriction  of  peptides  may  often  result  in  improved  receptor 
selectivity,  as  indicated  by  the  opioid  activity  profiles  of  conformationally 
constrained  cyclic  opioid  peptide  analogs  with  agonist  activity  [1,  2].  0- 

Casomorphin-5  (Tyr-Pro-Phe-Pro-Gly),  a  peptide  with  opioid  properties,  can  be 
generated  from  the  milk  protein  0-casein  by  proteolytic  fragmentation.  The  cyclic 
peptides  H-Tyr-c[-D-Om-Phe-PtxvGly-]  (1)  and  H-Tyr-c  I  -D-Om-Phe-D-Pro-Gly-  ]  (2) 
represent  0-casomorphin-5  analogs  showing  high  potency  in  receptor  binding  assays 
and  bioassays  in  vitro  and  high  antinociceptive  activity  [3,  4],  Analog  1  exhibits 
considerable  preference  for  p  receptors  over  6  receptors,  whereas  peptide  2  is  highly 
potent  but  relatively  non-selective.  In  the  present  study  we  describe  the  syntheses  and 
opioid  activity  profiles  of  corresponding  analogs  containing  1-  or  2-naphthylalanine 
(Nal)  in  place  of  the  Phe3  residue. 

Results  and  Discussion 

The  cyclic  0-casomorphin  analogs  were  synthesized  by  means  of  conventional 
solution  methods,  using  Na-Boc,  N“-Z  and  -ONb  protection,  and  mixed  anhydride 
couplings.  Diphenylphospboryl  azide  was  used  for  the  cyclization  reaction  between 
the  2-position  side  chain  amino  function  and  the  C-terminal  COOH  group  under 
optimized  conditions  with  cyclization  yields  >80%  [3].  The  N-terminal  unprotected 
peptides  w ere  purified  by  RP-HPLC  and  were  characterized  by  mass  spectrometry, 
amino  acid  analysis  and  one-  and  two-dimensional  'H-NMR  techniques.  The 
pharmacological  profile  of  these  peptides  were  studied  in  vitro  using  the  GPI  and 
MVD  bioassays  and  receptor  binding  assays  based  on  displacement  of  the  tritiated 
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opioid  receptor  ligands  DAGO  (^-selective)  and  DSLET  (8-selective)  from  rat  brain 
membrane  binding  sites  (Table  1). 

Tablet  Opioid  activities  and  receptor  affinities  of  cyclic  fr-casomorphin-5  analogs 


compound 

GPI  MVD 

ICy>,  nM 

DAGO  DSLET 
Kj.nM 

1 

Tyr-cf-D-Om-Phe-Pro-Gly-j 

13.40 

69.90 

3.99 

1,234 

2 

Tyr-c[-D-Om-Phe-D-Pro-Gly-] 

2.14 

4.89 

0.88 

13.17 

3 

Tyr-c[-D-Om-2-Nal-Pro-Gly-] 

1,224 

>10,000 

81.29 

2,137 

4 

Tyr-c[-D-Om-2-Nal-D-Pro-Gly-] 

384 

antagonist 

5.89 

17.15 

5 

Tyr-c[-D-Lys-2-Nal-D-Pro-Gly-] 

609 

antagonist 

17.26 

62.62 

6 

Tyr-c[-D-Om- 1  -Nal-D-Pro-Gly-] 

14.94 

29.89 

3.45 

23.56 

[Leu-5]  enkephalin 

246 

11.40 

9.43 

2.53 

Substitution  of  the  Phe3  residue  in  compound  1  by  2-Nal,  resulting  in  H-Tyr- 
c[-D-Om-2-Nal-Pro-Gly-]  (3),  produced  a  lOCl-fold  potency  drop  in  both  the  GPI-  and 
the  MVD  assay  and  corresponding  decreases  in  p  and  5  receptor  affinities  in 
comparison  with  compound  1.  The  low  opioid  activity  in  the  MVD  bioassay  could 
be  antagonized  with  the  8  receptor  selective  antagonist  TIPP  [6],  indicating  that  the 
effect  was  mediated  by  8  receptors. 

The  diastereoisomer,  H-Tyr-c  t-D-Orn-2-Nal-D-Pro-Gly-]  (4),  displayed  only  7 
times  lower  p  receptor  affinity  than  2,  but  180  times  lower  potency  in  the  GPI 
assay.  It  retained  an  affinity  for  the  8  receptor  (Kj®  =  17  nM)  similar  to  that  of  the 
relatively  non-selective  8  agonist  2,  but  showed  no  agonist  effect  at  concentrations 
up  to  50  pM  in  the  MVD  assay.  Analog  4  turned  out  to  be  a  moderately  potent 
antagonist  against  the  8  agonists  [Leus]enkephalin,  [D-Ala2]deltorphin  I  and  DPDPE 
with  Ke  values  of  268  nM,  202  nM  and  233  nM,  respectively.  Thus,  like  the 
recently  reported  tetrapeptide  nPP-NH2  [6],  analog  4  represents  another  example  of  a 
mixed  p  agonist/  8  antagonist.  Such  compounds  are  thought  to  have  potential  as 
analgesics  that  may  not  produce  tolerance  and  dependence  [7],  Increasing  the  ring 
size  through  insertion  of  another  methylene  group  in  the  2-position  side  chain 
(compound  5)  resulted  in  decreased  p  and  8  receptor  affinity,  in  correspondence  with 
diminished  agonist  activity  in  the  GPI  assay  and  decreased  antagonist  potency  against 
[Leus]enkephalin  (K*  =  603  nM)  in  the  MVD  assay. 

Interestingly,  replacement  of  2-Nal3  by  1-Nal  in  4  led  to  a  compound  (6)  with 
restored  agonist  activity  in  the  MVD  assay  and  with  only  slightly  reduced  potencies 
in  both  bioassays  as  compared  to  2. 
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The  solution  structure  of  the  casomorphin  analogs  2  and  4  was  studied  by 
performing  1-  and  2-dimensional  'H-NMR  experiments  in  DMSO-d^.  Peptides  2 
and  4  each  showed  only  one  conformer  with  all-trans  peptide  bonds  and  a  similar 
backbone  conformation,  characterized  by  a  Tyr'CO— NH-2-Nal3(or  Phe3)-  and  an 
Orn2-CO-NH6-Orn2  hydrogen  bond.  For  both  compounds  a  close  proximity 
between  the  aromatic  moiety  of  the  3-position  residue  and  the  pyrrolidine  ring  of  the 
D-Pro  residue  was  established  on  the  basis  of  ROESY  experiments.  These  results 
suggest  that  the  antagonist  properties  of  analog  4  may  not  be  due  to  a  difference  in 
its  overall  conformation  as  compared  to  compound  2,  but  rather  may  be  a  direct 
effect  of  the  naphthyl  moiety  per  se  preventing  proper  alignment  of  the  peptide  such 
as  required  for  receptor  activation. 

Substitution  of  the  Phe3  residue  in  the  cyclic  {J-casomorphin-5  analog  2  by  2- 
naphthylalanine  led  to  a  compound  with  mixed  \i  agonist/8  antagonist  properties. 
Since  the  corresponding  compound  with  the  1-Nal3  showed  restored  agonist  activity 
in  the  MVD,  the  detailed  conformational  comparison  of  the  peptide  analogs  4, 5  and 
6  may  provide  insight  into  the  structural  requirements  of  the  8  opioid  receptor  for 
ligand  binding  and  signal  transduction. 
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Introduction 

Conantokins  are  the  first  family  of  peptides  known  to  interact  with  the  N- 
methyl-D-aspartate  (NMDA)  receptor  [1J.  They  elicit  quite  different  behavioral 
symptomatology  in  neonatal  and  adult  mice  (sleep-like  state  and  hyperactivity, 
respectively  [1]).  The  natural  conantokins  purified  and  characterized  to  date  from 
Conus  geographus  and  Conus  tulipa  venom,  respectively  are  represented  in  Figure  1 . 


Peptide 

Amino  acid  sequence 

Conantokin-G 

Conantokin-T 

1 

Y'-'V  ; 

5 

LQYNQ 

YQKML 

-] 

11 

LI 

NL 

■ 

15 

KSN* 

AEVKKNA* 

Fig.  1.  Primary  structure  of  naturally  occurring  conantokins.  The  symbol  y  represents  y- 
carboxyglutamate  and  *indicates  an  amidated  carboxy  terminus. 

In  order  to  understand  the  functional  biology  of  NMDA  receptors,  ligands  which 
discriminate  between  different  molecular  forms  of  the  NMDA  receptor  are  required. 
The  conantokins  are  promising  ligands  for  further  development  in  this  respect  [2].  In 
this  paper,  the  synthesis  and  biological  evaluation  of  a  series  of  analogs  of 
conantokin-G  with  substitution  in  one  conserved  residue  (position  2)  and  seven 
variable  residues  (positions  5, 6, 9,  1 1,  12,  16  and  17)  are  reported. 

Results  and  Discussion 

Conantokin-G  analogs  were  synthesized  by  standard  Fmoc  solid-phase 
protocols.  For  the  cleavage,  a  seven  hour  treatment  with  TFA/thioanisole/ 
water/EDT/CH2Cl2  (40:8:1:2:49)  was  successful  in  releasing  the  fully  deprotected 
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peptide  chain.  The  crude  peptides  were  purified  by  preparative  RP-HPLC  using 
triethylam‘.ie  phosphate  (TEAP)  buffer/CH3CN  at  pH  2.25  and  a  final  desalting  step 
with  0.1%  trifluoroacetic  acid/CH3CN.  On  analytical  RP-HPLC,  the  conantokin-G 
analogs  eluted  as  one  major  peak  with  several  small  phobic  peaks. 

The  analogs  were  tested  for  biological  activity  (sleep  in  12-14  days  old  mice, 
hyperactivity  in  21-28  days  old  mice)  after  i.c.  injection.  Since  both  glycine  and 
glutamic  acid  are  involved  in  the  NMDA  receptor  mediated  response,  conserved  Gly1 
and  Glu2  were  believed  to  be  important  for  conantokin-G  activity.  Consequently,  the 
lack  of  activity  of  [Gln2]-G  was  expected. 

All  analogs  were  tested  by  i.c.  injection  in  mice  at  30  and  200  pmoles/g  body 
weight.  The  effects  of  Ala  substitutions  on  the  variable  loci  (Figure  1)  were 
evaluated  (Table  1). 

Table  1  Biological  activity  of  alanine-substituted  conantokin-G  analogs 


Conantokin 

Dose 

Activity  in  mice 

pmoles/g 

12-14  days  old 

\  21-28  days  old 

Conantokin-G 

30 

sleep 

|  hyperactivity 

[Ala5’6-9]G 

30 

sleep 

200 

sleep 

[Alau-,2]G 

30 

no  effect 

1 - 

1  no  effect 

200 

no  effect 

j  no  effect 

500 

no  effect 

1  no  effect 

[Ala16-17]G 

30 

sleep 

,  hyperactivity 

[Alau]G 

200 

sleep 

I  no  effect 

1 

[Ala12]G 

200 

no  effect 

1 

|  no  effect 

[Ala1 1. 12.16, 17]g 

200 

no  effect 

*  no  effect 

It  is  clear  that  substitutions  at  positions  16  and  17  (for  Ser  and  Asn)  do  not 
appear  to  affect  biological  activity  significantly.  A  single  Ala  substitution  for 
Leu",  or  multiple  Ala  substitutions  for  Leu5, Gin6,  Gin9  yielded  active  analogs  with 
significantly  decreased  potency.  In  contrast,  any  analog  with  an  Ala  substitution  for 
lie12  was  completely  inactive  in  the  concentration  range  tested.  Thus,  of  the  seven 
variable  positions,  it  appears  that  lie12  plays  a  specific  functional  role. 

It  should  also  be  noted  that  although  by  the  sleep  assay,  many  of  these  analogs 
are  quite  potent  compared  to  the  native  peptide,  the  hyperactivity  induced  in  mature 
mice  seems  more  sensitive  to  substitutions  at  the  variable  positions.  Thus,  the 
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[Ala"]conantokin-G  analog  which  is  potent  in  inducing  sleep  in  young  mice  has  lost 
much  of  its  activity  for  inducing  hyperactivity  in  older  mice.  [Ala12]conantokin-G  is 
inactive  at  any  age.  Since  the  biological  tests  applied  are  in  vivo  tests,  differences  in 
biological  activity  do  not  necessarily  represent  changes  in  primary  interactions 
between  the  peptides  and  their  receptor  targets  (presumably  types  of  NMDA  receptor). 
In  any  case,  these  results  demonstrate  that  structural  changes  in  positions  1 1  and  12 
of  conantokin-G  clearly  influence  its  activity  in  a  way  related  with  the  animal's 
developmental  state.  Curiously  the  IRy  and  LRy  sequences  of  conantokin-G  and  -T 
respectively,  resemble  the  LRE  sequence  of  S-laminin.  This  sequence  appears  to  be 
involved  in  neural  adhesion  and  the  formation  of  the  synapse  [3].  The  interaction  of 
conantokins  with  neural  membranes  through  a  sequence  related  with  synapse 
formation  would  add  to  the  picture  of  their  action  on  the  NMDA  receptor  and  its 
environment  in  an  age  dependent  way. 

The  presence  of  a  glutamic  acid  residue  in  position  2  of  conantokin-G  is  crucial 
for  its  activity.  This  is  in  agreement  with  conantokins  interacting  with  glutamate 
receptors,  probably  of  the  NMDA  type.  On  the  other  hand,  many  of  the  non- 
conserved  amino  acids  in  the  sequence  seem  not  to  affect  biological  activity. 
Surprisingly,  non-conserved  position  12  appears  to  be  crucial.  Analogs  such  as 
[AIa,2]conantokin-G  may  prove  to  discriminate  between  receptor  (probably  NMDA) 
subtypes  or  states. 
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Introduction 

Scorpion  venoms  contain  a  variety  of  peptidic  toxins  that  have  been 
characterized  as  specific  ion  channel  blockers.  In  recent  studies,  a  new  class  of 
inhibitors  has  been  discovered  that  interfere  with  high  affinity  on  several  types  of 
potassium  channels.  From  the  venom  of  the  Moroccan  scorpion  Androctonus 
mauretanicus  mauretanicus  ( Amm )  a  toxic  peptide,  called  kaliotoxin  (KTX),  has  been 
isolated  and  studied  for  its  activity  on  neuronal  BK-Type  Ca++  activated  K+  channel 
[1].  Based  on  its  amino  acid  sequence,  KTX  belongs  to  the  family  of  three  other 
toxins,  named  noxiustoxin  (NTX),  charybdotoxin  (ChTX),  and  iberiotoxin  (IbTX). 
Synthesis  of  KTX  has  been  undertaken  possessing  either  a  free  carboxylate  or  an 
amidated  C-terminal  end  in  order  to  complete  the  structural  knowledge  of  this  peptide, 
essentially  the  nature  of  the  C-terminus  and  the  pattern  of  the  disulfide  bridges.  Non 
identity  of  the  synthetic  peptides  (37  amino  acid  residues)  compared  to  natural  KTX 
prompted  a  structure  revision. 

Radioiodination  of  synthetic  KTX(l-37)  allowed  binding  experiments  to  be 
performed  in  competition  with  different  selective  toxins. 

Shorter  fragments  based  on  the  26-32  sequence  of  KTX  have  been  studied. 
They  include  a  major  conserved  cluster  of  amino  acids  among  the  four  homologous 
toxins  and  expressed  competitive  antagonistic  properties  against  KTX. 

Results  and  Discussion 

The  published  sequence  (37  amino  acid  residues)  with  either  a  free  C-terminal 
carboxylate  or  an  amidated  C-terminus  -KTX(l-37)  and  KTX(1-37)NH2-  have  been 
synthesized  using  the  Boc  solid  phase  strategy  on  an  Applied  Biosystems  automated 
peptide  synthesizer.  After  air  oxidation  of  the  cysteines,  the  peptides  were  purified  by 
MPLC  on  reverse  phase  column  and  found  homogeneous  by  HPLC  and  amino  acid 
analysis.  However,  neither  of  the  two  synthetic  peptides  did  coelute  with  natural 
KTX  when  injected  simultaneously.  Additional  structural  studies  were  then  performed 
to  compare  synthetic  KTX(l-37)  and  natural  KTX,  especially  mass  spectrometry 
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experiments  and  sequencing  of  C-terminal  peptides.  The  results  indicated  that  the 
exact  sequence  of  KTX  comprises  an  additional  C-terminal  lysyl  residue,  which  was 
undetected  in  the  previous  work.  KTX  (38  amino  acid  residues)  has  been  synthesized 
and  found  identical  to  natural  KTX  in  all  tests.  Assignment  of  the  three  disulfide 
bridges  has  been  performed  on  synthetic  peptide  by  identifying  the  fragments  obtained 
after  pronase  proteolysis.  The  structure  is  homologous  to  that  of  ChTX  and  IbTX. 


IbTX 

ChTX 

KTX 

NTX 


ZFT-dvbE 


25 


30 


35 


40 

I 


3MSKECWSVCKDLFGVDRG-KC1^KKCRCY|Q-- 
ZFT-[NV[S|CT[l1SKECWSVCbRLHNTSRG  -  KCMNKKCRCY  S-- 
GVEINVKCSGSPQC  LKPCKD&-GMRFG-KCMNRKCHC-TPK 
TI  - 1 NV  K  ST  S  PK  QC  3KPCKE  LYGS  S  A  G^CMK^KCKCyInn- 


Fig.  1.  Amino  acid  sequences  of  IbTX,  ChTX,  KTX  and  NTX.  The  toxins  have  been 
aligned  using  the  clustal  program.  The  numbers  indicate  the  positions  of  the  amino  acid 
residues  in  this  alignment.  Homologous  residues  are  boxed  with  the  cysteine  residues  in 
bold.  The  disulfide  bondings  are  those  determined  for  the  three  toxins  IbTX,  ChTX  and 
KTX. 


Biological  characterization  of  the  synthetic  peptides  showed  that  all  three 
KTX(l-37),  KTX(1-37)NH2,  and  KTX  expressed  approximately  the  same  toxic 
activity  when  injected  intracerebroventricularly  into  mice  (LD50  of  6  to  9  pmoles  per 
20  g  mouse).  Blockage  experiments  on  whole-cell  molluscan  KCa  current  showed 
that  KTX(l-37)  is  the  most  active  (2  nM)  compared  to  KTX(1-37)NH2  (4  nM)  and 
KTX  (8  nM),  indicating  that  the  C-terminal  lysine  has  no  favourable  effect  on  the 
interaction  of  KTX  with  the  receptor. 

Binding  competition  experiments  on  rat  brain  synaptosomal  membranes 
between  l25I-KTX(l-37)  and  KTX,  KTX(l-37),  and  KTX(1-37)NH2  yielded  identical 
IC50  values  of  10  pM.  In  this  same  test,  other  toxins,  ChTX,  dendrotoxin  (DTX), 
and  MCD  peptide  gave  IC50  values  of  8  nM,  8  pM,  and  1  nM,  respectively, 
indicating  that,  in  this  preparation,  KTX  behaved  differently  than  ChTX  and  bound  in 
the  closeness  to  or  at  the  DTX  binding  site.  DTX  is  known  as  a  specific  blocker  of 
the  voltage-dependent  K+  channels.  IbTX  did  not  interfere  with  KTX  binding. 

Two  short  peptides  have  been  synthesized,  corresponding  to  the  26-32  and  25- 
35  sequences  of  KTX  (or  positions  27-34  and  26-37  on  the  aligned  toxins  in  Figure 
1 )  with  cysteine  residues  replaced  by  the  isosteric  analogue  aminobutyric  acid  residue, 
Abu28-KTX(26-32)  or  H-Gly-Lys-Abu-Met-Asn-Arg-Lys-NH2  and  Abu2833,35- 
KTX(25-35)  or  H-Phe-Gly-Lys-Abu-Met-Asn-Arg-Lys-Abu-His-Abu-NH2.  Devoid 
of  KTX  biological  activity,  the  two  peptides  competed  with  125I-KTX(l-37)  in  the 
binding  test  at  an  ICjq  of  8  pM.  The  hypothesis  that  these  peptides  could  exert  an 


J.  Van  Rietschoten  et  al. 


Neuropeptides 


antagonist  effect  was  confirmed  by  experiments  where  400pM  peptide  inhibited  the 
KTX  effect  by  80%  on  the  blockage  activity  on  the  Helix  KCa  current.  Also  in  vivo, 
when  co- injected  (0.5  pinole)  with  KTX  into  mice,  the  toxic  activity  of  KTX  was 
diminished  significantly  (a  factor  2)  and  the  appearance  of  envenomation  symptoms 
was  delayed  from  1  min  to  20  min.  The  26-32  sequence  is  very  homologous  for  the 
four  toxins  of  this  family  (see  Figure  1). 

The  26-32  sequence  of  KTX  could  represent  a  low  affinity  binding  site  for  this 
class  of  toxins  that  permits  a  first  non  selective  interaction,  other  part  of  the  toxins, 
at  the  N-  and  C-terminus,  could  then  play  a  complementary  role  for  the  high  affinity 
binding  and  also  for  the  selectivity  of  the  type  of  potassium  channel. 

Acknowledgements 

R.  Gaillard,  T.  Brando,  M.  Alvitre  and  B.  Ceard  are  acknowledged  for  their 
skillful  technical  expertise. 

References 

1 .  Crest,  ML,  Jacquet,  G.,  Gola,  M.,  Zerrouk,  H.,  Benslimane,  A.,  Rochat,  H., 
Mansuelle,  P.  and  Martin-Eauclaire,  M.-F.,  J.  Biol.  Chem.,  267  (1992)  1640. 


531 


Structure-activity  correlation  in  peptide  hormones 
based  on  regiospecific  interaction  with  Ca2+  in  the 

lipid  milieu 


V.S.  Ananthanarayanan 

Department  of  Biochemistry,  McMaster  University, 
Hamilton,  Ontario,  LBN  3Z5,  Canada 


Introduction 

The  determination  of  the  bioactive  structures  of  peptide  hormones  is  rendered 
difficult  by  their  exhibiting  a  large  ensemble  of  flexible  conformations  in  water 
where  most  structural  data  have  been  gathered.  Fairly  ordered  structures  are,  however, 
obtained  in  the  lipid  medium  as  many  recent  studies  indicate.  In  the  physiological 
situation,  the  hormones  encounter  millimolar  levels  of  Ca2+  in  the  extracellular 
aqueous  phase.  In  the  absence  of  a  compact  folded  structure  and  specific  chelating 
groups,  the  hormones  would  not  be  expected  to  bind  Ca2+  appreciably  in  this  phase. 
However,  a  totally  different  picture  would  prevail  at  the  lipid-water  interface  or  in  the 
lipid  interior  where  these  molecules  assume  a  folded  structure  and  interact  with  their 
membrane  receptors.  In  this  scenario,  we  expect  the  hormones  to  bind  extracellular 
Ca2+  and  undergo  a  conformational  change  as  an  initial  step  in  the  signal  transduction 
process  [1],  Here,  we  summarize  our  recent  studies  on  the  interaction  of  several 
peptide  hormones  with  Ca2+  in  lipid-mimetic  solvents  and  highlight  some  common 
characteristics  observed  in  their  Ca2+-jnteracting  regions. 

Results  and  Discussion 

Table  1  shows  the  sequences  of  the  homtones  studied  here  (with  C-terminal 
fragments  in  bold)  and  also  "homologous"  sequences  of  certain  other  hormones  (see 
below). 


Table  1  Sequences  of  hormones:  (A)  this  study;  (B)  "homologous"  hormones 


A.  Hormone 

Sequence 

B.  Hormone 

Sequence 

Substance  P 

RPKPQQFFGLM 

Met  enkephalin 

YGGFM 

Bombesin 

ZQRLGNQWAVGHLM 

Gastrin  (12-17) 

YGWMDF 

Glucagon 

HSQGIFTSDYSKYLD- 

GRP  (20-271 

WAVGHLM 

SSRAQDFVQWLMNT 

CCK  (27-31) 

YMGWM 
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(Cation]/[Paptld«] 


Fig.  2.  Cation-binding  of  glucagon  (left)  and  its  [  19-29]  fragment  (right)  in  TFE. 


Fig.  3.  Ca2*  -binding  of  bombesin  (left)  and  its  (10- 14]  fragment  (right)  in  TFE. 
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Figures  1-3  show  Ca2+  binding  curves  in  trifluoroethanol  (TFE)  for  substance  P 
[2],  glucagon  [3]  and  bombesin  [4]  and  their  C-terminal  fragments  monitored  by  CD 
spectral  changes.  In  each  case,  there  is  a  biphasic  binding  of  the  cation.  In  glucagon, 
both  the  Ca2+-binding  sites  are  contained  in  the  [19-29]  fragment  while  in  substance 
P  and  bombesin,  the  C-terminals  contain  the  higher  affinity  site  for  Ca2+. 

Molecular  modeling  studies  revealed  significant  conformational  changes  induced 
by  Ca2+-binding  in  substance  P  and  bombesin  [4].  Many  peptide  carbonyls  in  the  free 
hormone  are  turned  towards  the  interior  in  the  Ca2+  complex.  This,  in  essence, 
makes  the  latter  more  amphiphilic  than  the  Ca2+-free  form.  As  a  result,  peptide 
hormones  would  act  as  Ca2+  ionophores  as  data  on  the  above  hormones  [2-4]  and 
insulin  [S]  in  suspensions  of  synthetic  liposomes  in  aqueous  buffers  show.  We  find 
the  Ca2+-translocating  regions  of  the  hormones  to  be  the  same  C-terminal  parts  that 
bind  the  ion  in  the  nonpolar  media;  in  insulin  this  region  is  confined  to  the  B-chain. 
We  may  thus  regard  peptide  hormones  to  be  "lipid-dependent  Cd2* -binding  proteins" 
exhibiting  regiospecific  interaction  with  Ca2+. 

A  most  interesting  fact  emerges  when  one  notes  that  the  above  regions  are  also 
the  functionally  important  parts  of  these  hormones  involved  in  signal  transduction 
(see  data  cited  in  Refs.  2-5).  We  are  thus  led  to  believe  that  the  so-called  "message" 
part  [6]  of  a  peptide  hormone  is,  in  fact,  its  Ca2+-interacting  "domain".  This  domain 
is  distinct  from  the  rest  of  the  hormone  which  forms  the  "address"  part  containing  the 
receptor  specificity  information. 

Finally,  we  observe  a  compositional  similarity  in  terms  of  the  presence  of 
hydrophobic  residues  and  the  Met  residue  in  the  Ca2+-interacting  C-terminal  domains 
of  the  above  hormones  as  well  as  others  such  as  Met  enkephalin,  gastrin,  gastrin- 
releasing  peptide  and  cholecystokinin  (Table  1).  We  expect  the  latter  hormones  to 
interact  with  Ca2+  in  these  domains.  Our  present  observations  amplify  our  earlier 
proposal  that  the  Ca2+-binding  leads  to  the  bioactive  structure  of  a  peptide  hormone 
as  recognized  by  the  lipid-bound  receptor  [1]. 
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Introduction 

Neuropeptide  Y  (NPY),  a  36  residue  peptide  amide  isolated  originally  from 
porcine  brain  [1],  occurs  in  higher  concentrations  in  mammalian  brain  than  any  other 
peptides  isolated  to  date  [2],  A  number  of  studies  have  shown  that  NPY  is  localized 
in  hypothalamic  regions  known  to  control  the  feeding  behaviour,  and  that  central 
administration  of  NPY  induces  a  robust  feeding  effect  in  rats  [3],  These 
observations,  and  the  findings  that  hypothalamic  NPY  levels  and/or  the  NPY  mRNA 
are  elevated  in  obese  rats  [4]  and  decreased  in  anorectic  tumor-bearing  rats  [S]  suggest 
that  the  NPY  sequence  could  be  modified  for  therapeutic  use.  Since  nearly  the  entire 
sequence  of  NPY  is  required  to  elicit  feeding  responses  [6],  we  synthesized  a  series  of 
full  length  analogs  NPY  substituting  D-Trp/D-Trp(CHO)  in  the  C-terminal  receptor 
binding  region  and  screened  their  effects  on  isoproterenol  stimulated  rat  hypothalamic 
membrane  adenylate  cyclase  (AC)  activity.  These  investigations  have  led  to  the 
identification  of  [D-Trp^JNPY  as  a  potent  antagonist  of  NPY  in  rat  hypothalamus. 

Results  and  Discussion 

Although  [D-Trp^JNPY  and  [D-Trp^JNPY,  and  the  corresponding  formylated 
derivatives  inhibited  the  AC  activity,  [D-Trp32]NPY  and  [D-Trp(CHO)32]NPY  did 
not  exhibit  any  intrinsic  activity.  Moreover,  while  [D-Trp(CHO)32JNPY  exhibited 
lower  receptor  affinity,  [D-Trp32]NPY  inhibited  ,2SI-NPY  binding  with  a  potency 
comparable  to  that  of  intact  NPY.  It  is  the  high  receptor  affinity  and  the  complete 
loss  of  intrinsic  activity  that  suggested  that  [D-Trp32]NPY  may  be  an  antagonist  of 
NPY  in  rat  hypothalamus.  Consistently,  the  presence  of  30  and  300  nM  of 
[D-Trp32JNPY  shifted  the  inhibitory  dose-response  curve  of  NPY  in  rat 
hypothalamus  AC  activity  parallel  to  the  right  increasing  the  ICjq  value  from  0.18 
nM  to  4.0  and  40.0  nM,  respectively.  This  antagonism  was  specific  to  the  NPY 
receptor,  since  [D-Trp32]NPY  exhibited  no  effect  on  the  inhibitoiy  hypothalamic  AC 
activity  of  serotonin.  Since  intrahypothalamic  injection  of  l  fig  of  NPY  has  been 
shown  to  elicit  a  robust  feeding  response  in  rats  [3],  we  also  tested  the  effect  of  [D- 
Trp)32]NPY  on  NPY  induced  feeding.  [D-Trp32]NPY  (1  or  10  pg)  did  not  exhibit 
significant  stimulatory  effect  on  feeding.  Although  1  pg  of  [D-Trp32]NPY  failed  to 
exhibit  antagonist  effect,  10  pg  of  [D-Trp32]NPY  significantly  attenuated  the  1  hr 
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feeding  response  induced  by  1  jig  of  NPY.  Thus,  [D-Trp32]NPY  also  behaved  as  an 
antagonist  of  NPY  in  in  vivo  models.  Other  substitutions  such  as  D-Phe,  Hyp  or 
even  D-2-Nal,  a  Tip-mimicking  residue,  at  position  32  resulted  in  agonist  activity, 
suggesting  that  there  are  strict  structural  requirements  to  induce  antagonistic 
properties  to  NPY.  To  determine  the  structural  changes  associated  with  D-Trp 
substitution,  we  did  modeling  studies  based  on  the  X-ray  structure  coordinates  of  the 
homologous  peptide,  avian  pancreatic  polypeptide  (APP)  [7].  These  investigations 
suggested  that  substitution  of  D-Trp  at  position  32  induced  a  type  IT  (J-tum  at  that 
position  causing  the  C-terminal  to  fold  back  over  the  PP-fold,  rather  than  extending 
away  from  the  helix,  as  it  does  in  APP  crystal  structure.  It  appears  therefore  that  the 
modified  conformation  in  the  C-terminal  region  is  responsible  for  the  loss  of  agonist 
activity,  resulting  in  a  potent  antagonist.  Furthermore,  stabilization  of  this  p-tum 
through  cyclization  may  result  in  more  potent  antagonistic  compounds. 


Fig.  1.  Effects  of  increasing  concentrations  of  [D-Trp32  JNPY  (E),  and  NPY  in  the  absence 
(0)  and  presence  (0)  of  300  nM  [D-Trp32 JNPY  on  isoproterenol  stimulated  adenylate 
cyclase  activity  of  rat  hypothalamic  membranes. 

In  summary,  we  have  shown  that  [D-Trp32]NPY  is  a  competitive  antagonist  of 
NPY  in  both  in  vitro  and  in  vivo  models.  Compounds  based  on  [D-Trp32]NPY  may 
have  potential  clinical  application  since  NPY  has  already  been  implicated  in  the 
pathophysiology  of  feeding  disorders. 
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Introduction 

Amylin  is  a  37-residue  peptide  amide  with  a  single  disulfide  bond  originally 
isolated  from  the  amyloid  rich  pancreas  of  type  II  diabetic  and  insulinoma  patients 
[1].  It  has  now  been  established  that  amylin  is  a  normal  component  of  the  pancreas, 
co-stored  and  co- secreted  with  insulin  from  the  islet  p-cell  granules  [2].  Amylin 
inhibits  insulin  secretion  [3]  as  well  as  insulin  stimulated  peripheral  glucose  uptake 
and  glycogen  synthesis  by  the  activation  of  glycogen  phosphorylase  and  inhibition  of 
glycogen  synthase  [4],  In  vivo  studies  indicate  that  amylin  also  antagonizes  the 
inhibition  of  hepatic  glucose  output  by  insulin  [5].  Therefore,  it  appears  that 
alterations  in  the  plasma  levels  of  both  insulin  and  amylin  may  have  deleterious 
effects  on  glucose  metabolism.  These  observations  suggest  that  amylin  peptides 
may  have  useful  clinical  applications  in  type  I  and  II  diabetes.  Structure-activity 
studies  were  therefore  carried  out  to  identify  the  minimum  sequence  requirements  for 
activity,  and  to  develop  selective  agonists  and  antagonists  of  amylin.  These  studies 
were  performed  using  the  in  vitro  model  systems,  HEPG2  [6]  and  C2C12  [7]  cell 
lines,  established  in  our  laboratory  to  study  amylin  receptors  and  their  effects  on 
glucose  uptake. 

Results  and  Discussion 

Several  N-terminal,  central  and  C-terminal  fragments  of  amylin  were 
synthesized  and  purified  according  to  die  procedure  reported  by  us  for  amylin  [8].  The 
structural  integrity  of  these  peptides  were  confirmed  by  amino  acid  and  mass  spectral 
analyses.  Both  rat  and  human  amylin  inhibited  insulin-stimulated  glucose  uptake  by 
C2C,2  cells  in  a  dose-dependent  manner  with  comparable  potencies.  Although 
central  and  C-terminal  fragments  exhibited  little  or  no  effect  on  glucose  uptake,  N- 
terminal  fragments,  (l-23)-NH2,  of  both  human  and  rat  amylin  inhibited  insulin- 
stimulated  glucose  uptake  by  muscle  cells  in  a  dose-dependent  manner,  with 
potencies  comparable  to  that  of  intact  hormones.  These  findings  suggest  that  the  N- 
terminal  region  might  constitute  the  active  site  of  amylin.  Structure-activity  studies 
revealed  that  cysteine  residues  are  not  crucial,  because  [Anb^Jrat  amylin(l-23)NH2 
also  had  a  potency  comparable  to  that  of  intact  amylin  in  inhibiting  die  glucose 


538 


A.  Balasubramaniam  et  al 


Peptide  Hormones 


uptake.  CD  studies  indicated  that  human  amylin  was  largely  a-helical  (98%)  in 
trifluoroethanol  (TFE)  while  rat  peptide  exhibited  52%  a,  5%  p  and  43%  random 
structures.  (l-23)-NH2  fragments  of  both  rat  and  human  amylin  as  well  as  the 
analog,  [Anb^7]rat  amylin(l-23)-NH2  exhibited  >  85  %  a-helical  structures  in  TFE. 
The  intact  peptides  and  the  N-terminal  fragments  were,  however,  less  structured  in 
water.  These  observations  suggest  that  the  overall  conformation  of  these  fragments 
is  not  dependent  on  the  disulfide  bond,  and  that  the  central  amphipathic  helical  region 
of  amylins  may  be  crucial  for  activity  as  in  calcitonin  peptides.  We  therefore 
synthesized  s.  calcitonin(l-22)-NH2  and  a  hybrid  peptide  linking  amylin(l-7)  with  the 
amphipathic  helical  region,  8-22,  of  s.  calcitonin.  Although  these  peptides  also 
exhibited  predominantly  a-helical  (>  75%)  structures,  they  failed  to  have  any  effect 
on  glucose  uptake.  Therefore,  it  appears  that  certain  residues  in  the  central 
amphipathic  helical  region  of  amylin  are  important  for  activity. 


LogfM] 

Fig.  I.  Effects  of  human  amylin  (O)  and  human  amylin(l-23)-NH2  (  A)  on  insulin  (100 
nM)  stimulated  glucose  uptake  by  C2CI2  cells. 

In  vivo  experiments  in  fasted  rats  revealed  that  bolus  doses  (I.V.)  of  human 
amylin(l-23)NH2  and  [Anb^Jrat  amylin(l-23)NH2  significantly  lowered  the  plasma 
glucose  levels.  Furthermore,  human  amylin(l-23)NH2  significantly  lowered  the 
hyperglycemia  induced  by  amylin.  This  finding  is  not  surprising  because  amylin  not 
only  affects  peripheral  glucose  uptake,  but  also  hepatic  glucose  output  as  well  as 
insulin  secretion  which  are  excluded  in  in  vitro  models.  However,  further 
investigations  are  required  to  determine  why  N-terminal  analogs  of  amylin  behave  as 
agonists  and  antagonists  in  in  vitro  and  in  vivo  systems,  respectively. 
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Introduction 

Accumulating  physicochemical  data  now  support  the  hypothesis  that  growth 
hormone-releasing  factor  (GRF)  preferentially  assumes  an  a-helical  structure  as  its 
bioactive  conformation  [1].  Earlier  studies  with  linear  analogs  suggested  that 
enhancements  in  potency  were  due  to  increased  amphiphilicity  and  conformational 
bias  [2,  3].  Recent  modifications  incorporate  cystine  [4-6]  and  lactam  [7,  8]  bridges 
along  the  sequence  of  GRF(l-29)-NH2  in  attempts  to  constrain  secondary  structure. 
Felix  et  al.  have  synthesized  analogs  that  contain  i-(i  +  4)  lactam  bridges  between 
residues  4-8,  8-12,  12-16,  and  21-25  and  show  high  biological  potencies  [8].  We 
modified  the  C-terminus  by  constraining  residues  25-29  through  a  disulfide  linkage  in 
rat  GRF(l-29)-NH2  [6].  Our  preliminary  study  of  this  region  has  now  expanded  to 
include  lactam  bridging  of  various  i-(i  +  4)  ring  sizes,  amide  bond  shift  and  i-(i  +  3) 
bridging.  The  effect  of  the  structural  modifications  on  conformation  is  also  addressed 
through  analysis  by  circular  dichroism  spectroscopy. 

Results  and  Discussion 

The  four  possible  D/L  bridgehead  combinations  of  cyclo(25-29)[MeTyr', 
Alal5,D/LCys25J41e27,D/LCys29]iGRF(l-29)-NHj  were  synthesized.  All  were  found 
to  be  nearly  equipotent  to  the  assay  standard  which  is  itself  ca.  13  times  less  potent 
than  the  parent  compound  [MeTyr1  ,AlaI3,Nle27]-hGRF(l-29)-NH2(l).  Based  on  the 
observation  that  3  was  the  most  potent  analog,  others  with  varying  lactam  ring  sizes 
were  synthesized.  The  side  chain  of  DAsp  in  position  25  was  linked  to  the  co-amino 
function  of  Dpr  (6),  Dbu  (7),  Om  (8)  and  Lys  (9)  (re.  Xaa)  in  position  29  of 
cyclo(25-29)[MeTyr1,Ala15J)Asp25J*ne27,Xaa29]-hGRF(l-29)-NH2.  The  biological 
data  in  Table  1  show  that  as  the  lactam  ring  size  increases,  the  relative  potency 
increases  until  a  maximum  is  reached  with  the  19-membered  lactam  8  which  has  a 
potency  17  times  greater  than  that  of  the  assay  standard.  The  potency  then  decreases 
by  50%  upon  ring  enlargement  in  9.  Since  the  location  of  the  amide  bond  in  the 
lactam  may  play  a  role  in  bioactivity,  we  chose  the  most  potent  lactam  analog  8  and 
replaced  the  bridgehead  residues  while  keeping  the  ring  size  constant.  Specifically, 
DGlu25  replaced  DAsp23  and  Dbu29  replaced  Om29  which  shifted  the  amide  bond  by 
one  methylene  group.  The  resulting  analog  10  showed  a  35%  decrease  in  potency 
from  the  original  analog  8.  Bridging  a  shorter  backbone  segment  with  an  i-(i  +  3) 
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lactam  resulted  in  an  1 8-membered  ring  analog  (11)  that  was  nearly  equipotent  to  the 
most  potent  i-(i  +  4)  analog  8.  A  decrease  in  the  ring  size  to  17-membered  12  also 
decreased  the  potency  by  >50%.  Referring  to  our  earlier  SAR  study  [9]  of  the  D- 
amino  acid  and  alanine  scans,  all  sites  25,  28  and  29  tolerated  both  D  and  Ala- 
substitutions  which  targeted  this  region  for  structural  manipulation. 

Table  1  In  vitro  biological  potency  of  cyclic  i-(i  +  4)  and  i-(i  +  3)  GRF  analogs 


with  different  ring  sizes 


GRF  Analog 

Ring  size 

Relative 

potency* 

hGRF(l-40)-OH  Standard 

1.0 

1 

[MeTyr1  .Ala1 5,Nle27]-hGRF(  1  -29)-NH2 

13(8-20) 

cyclo(25-29)-rGRF(l-29)-NH2  substitutions 

2 

[MeTyr1,  Ala15,  Cys25,  Nle27,  Cys29] 

17 

1.1  (0.7- 1.7) 

3 

[  "  "  DCys25  -  Cys29] 

17 

1.9  (1. 3-2.9) 

4 

[  "  -  Cys25  ”  DCys29] 

17 

0.5  (0.3-0.8) 

5 

[  -  "  DCys25  M  DCys29] 

17 

1.5  (0.9-2.4) 

cyclof 25-29)-hGRF(l  -29)-NH2  substitutions 

6 

[MeTyr1,  Ala15,  DAsp25,  Nle27,  Dpr29] 

17 

1.4  (0.6-3.6) 

7 

[  "  "  DAsp25  M  Dbu29] 

18 

4.2  (2.4-7.5) 

8 

[  "  "  DAsp25  "  Orn29] 

19 

17  (7-37) 

9 

[  "  "  DAsp25  "  Lys29] 

20 

8.4  (5.1-13) 

10 

[  DGlu25  "  Dbu29] 

19 

11  (5.6-20) 

cyclof 25-28)-hGRF(l  - 29)-NH2  substitutions 

11 

[MeTyr1,  Ala15,Glu25,  Nle27,  Lys2*] 

18 

14  (7-28) 

12 

[  "  "  Glu25  "  Orn2*] 

17 

6.6  (3.4-12) 

“Numbers  in  parentheses  represent  95%  confidence  limits. 


CD  spectra  were  generated  for  each  of  the  i-(i  +  4)  lactam  analogs  6-10  and  the 
most  potent  i-(i  +  3)  analog  11  and  were  compared  to  that  of  the  parent  linear 
compound  1.  Since  [Nle27]hGRF(l-29)-NH2  has  been  shown  to  become  maximally 
a-helical  at  approximately  30%  TFE  [10],  we  anticipated  differences  in  helix-forming 
tendencies  at  the  halfway  point  of  15%  TFE.  Spectral  analysis  revealed  no  linear 
correlation  between  the  parameters  of  helicity,  randomness,  or  (i-sheet  character  and 
biological  potency  or  ring  size  in  either  solvent.  However,  all  analogs  lost  random 
character  and  concomitantly  gained  a-helical  character  in  15%  TFE  except  for  the  i- 
(i  +  3)  analog  11  which  showed  little  change  in  randomness.  Further  analysis 
showed  that  the  linear  analog  1  was  more  random  with  no  p-sheet  character  in 
aqueous  solvent,  whereas  the  cyclic  analogs  were  less  random  and  displayed  more  fi- 
sheet  character.  Also,  the  most  potent  analog  8  had  the  largest  percentage  increase  in 
helicity  from  water  to  15%  TFE.  The  least  potent  analog  6  with  the  i-(i  +  4)  17- 
membered  ring  showed  the  lowest  amount  of  a-helix  and  the  highest  amount  of  fi¬ 
shed  character  in  15%  TFE. 
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Earlier  studies  [1,  7,  8]  showed  lactam  ring  sizes  of  20  and  21  atoms  to  be 
optimal  for  retention  or  gain  in  biological  potency.  In  contrast,  we  saw  maximal 
potencies  for  19-membered  i-(i  +  4)  and  18-membered  i-(i  +  3)  lactam  ring  analogs. 
Although  subtle  differences  in  CD  were  observed  among  the  analogs,  the  1 8-  through 
20-membered  lactam  rings  at  the  C-terminus  did  not  impede  the  adoption  of  helical 
structure  nor  did  they  drastically  reduce  potencies.  These  results  also  corroborate 
modeling  studies  [llj  which  showed  that  the  bridges  used  in  analogs  7-12  are 
compatible  with  an  a-helix.  Smaller  lactam  ring  sizes  are  sufficient  for  high 
potency  at  the  C-terminus  whereas  in  other  regions  of  the  peptide  the  side-chain  (or 
ring)  bulk  may  also  be  required. 
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Introduction 

Corticotropin  releasing  factor  (CRF)  is  a  species  specific  41 -residue 
neuropeptide  [1].  The  peptides  of  ovine  (o-CRF)  and  human  fh-CRF)  origin  differ  in 
six  amino  acid  positions  but  differences  in  their  physical-chemical  properties  in 
solution  have  not  been  described.  Also,  statistical  analysis  (Chou  Fasman)  predicts 
comparable  potency  of  secondary  structure  formation  with  helical  regions  in  the 
central  and  C-terminal  parts  of  the  chains  in  both  o-CRF  [2]  and  h-CRF  [3]. 

Preliminary  results  which  revealed  a  different  behaviour  of  the  two  peptides  in 
solution  initiated  a  series  of  experiments  to  elucidate  the  reasons  for  the  structural 
differences  in  aqueous  environment  and  to  investigate  the  properties  of  the  peptides  in 
trifluoroethanol  (TFE),  a  structure  inducing  solvent,  by  CD-spectroscopy  and 
dynamic  light  scattering. 

Results  and  Discussion 

The  increase  of  peptide  concentration  in  acid  aqueous  solution  from  10-5  to  10-3 
mol/L  has  only  a  minor  influence  on  the  CD  spectral  characteristics  of  o-CRF.  The 
amount  of  helix  in  the  peptide  remains  less  than  20%.  In  h-CRF  solutions  the 
increasing  concentration  encourages  helical  spectral  characteristics  and  the  amount  of 
helix  was  determined  to  reach  45%  in  the  1  mM  peptide  solution  (Figure  1).  Ionic 
interactions  do  not  play  a  role  in  the  conformation  of  o-CRF.  However,  the  helical 
content  of  h-CRF  varies  with  solution  pH.  It  is  low  in  the  case  of  negative  or 
positive  charge  and  reaches  a  maximum  in  the  range  of  the  isoelectric  point  of  h- 
CRF  (Figure  2). 

These  findings  lead  to  the  assumption  that  o-CRF  exists  mainly  as  a  monomer, 
while  h-CRF  forms  an  intermolecularly  stabilized  structure  which  is  influenced  by 
ionic  forces.  By  dynamic  light  scattering  investigations  of  o-CRF  in  aqueous 
solutions  at  concentrations  lower  than  lfr4  mol/L,  a  particle  distribution  with  a  mean 
particle  radius  R  of  1.2  nm  and  an  apparent  molecular  weight,  M„,  of  about  4000 
were  found.  These  values  correspond  to  the  monomer.  The  broad  distribution  at  lO'3 
mol/L  reflects  an  association  equilibrium  of  mainly  dimers  with  a  of  about 
9000.  h-CRF  exists  at  the  lowest  investigated  peptide  concentration  in  an 
association  equilibrium  with  predominantly  dimers.  In  a  1  mM  solution  the 
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distribution  becomes  narrower.  The  main  particle  radius  was  found  to  be  2.4  nm  and 
the  apparent  molecular  weight  was  found  to  be  19500.  The  particle  distribution 
consists  mainly  of  tetramers  (Figure  3). 


Fig.  1.  CD  spectra  of  o-CRF  (full  line,  T)  and  h-CRF  (dotted  line,  U)  in  H20,  pH4. 
Inset:  Concentration  dependence  of  0  of  the  two  peptides  at  X  —222nm. 


23  42  82  .  7.0  >2  113 

OH 


Fig.  2.  Molar  ellipticity  0  of  o-CRF  (W)  and  h-CRF  (U)  in  H20  ( c=2xlO 5  moUL .)  at  222 
nm  as  a  function  of  pH.  The  amount  of  a-helix  of  the  peptides  (A  o-CRF;  shaded  box,  h- 
CRF)  was  estimated  from  different  methods  (&222nm  W»  CONTIN  [5],  VARSEL  -  least 
squares  algorithms),  pooled  and  averaged 


0.1  1  10  100  Ft[nm)  1  10  100 


Fig.  3.  Particle  size  distribution  of  o-CRF  (left)  at  a  concentration  of  8.8xJ (T5  mol/L  a; 
I. Ox  10- 3  mol/L  h  and  h-CRF  (right)  at  8.1x10- 5  mol/L  A;  8.1x10*  mol/L  B  in  H20.  c 
and  C  give  the  distributions  in  TFE  Rt  -  mean  particle  radius. 
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TFE 

(%) 

o-CRF 
%  helix 

h-CRF 
%  helix 

0 

5 

23 

10 

4 

20 

20 

46 

46 

40 

65 

69 

60 

72 

66 

80 

71 

71 

100 

77 

70 

Table  1 

The  amount  of  a -helix  of  o-CRF  and 
h-CRF  ( c=2xlO  5  mol/L)  in  TFE/H20 
mixtures,  estimated  from  different  methods 
<0222nm  W-  CONTIN  [5],  VARSEL  -  least 
squares  algorithms),  pooled  and  averaged. 


The  results  suggest  that  o-CRF  is  monomeric  in  diluted  solutions,  but  exists  in 
an  association  equilibrium  at  higher  concentrations.  For  h-CRF  we  could  show  that 
the  peptide  seems  to  form  relatively  stable  tetramer  structures  at  higher 
concentrations.  Increasing  percentage  of  the  structure  inducing  solvent  TFE  in  the 
peptide  solutions  results  in  a  comparably  drastic  increase  of  the  helical  content  in 
o-CRF  as  well  as  in  h-CRF  (Table  1).  A  concentration  dependence  of  the  molar 
ellipticity  is  not  observed  in  this  system.  The  particle  radius  R  of  about  1  nm  of  the 
main  distribution  of  the  peptides  in  TFE  corresponds  to  the  peptide  monomer 
(Figure  3).  Thus,  undo-  structure  inducing  solvent  conditions  the  two  peptides  show 
identical  properties.  The  results  are  summarized  as  follows: 


Conditions  Properties 


aqueous  monomer,  less  defined  broad  association  equilibrium, 

10"6<c[M]<10'4  secondary  structure  large  amount  of  helix  dependent  on 

independent  of  charge  concentration  and  peptide  charge 

aqueous  association  equilibrium  tetramers  predominate  with  an  amount 

c[M]>10"4  of  oligomers  of  helix  >45% 

TFE  monomer,  content  of  helix  about  70% 


The  induction  of  the  helical  structure  in  the  investigated  CRF  peptides  in 
aqueous  solution  is  the  result  of  intermolecular  interactions  which  are  more 
pronounced  in  the  human  sequence  than  in  o-CRF.  Under  structure  inducing 
conditions  more  than  70%  of  the  amino  acid  residues  of  the  two  peptides  form  an 
intramolecularly  stabilized  helix.  Maybe  the  peptides  exist  as  monomers  under 
physiological  conditions.  The  molecules  are  assumed  to  be  random  coiled  in  the 
extracellular  aqueous  medium  and  helically  organized  at  the  cell  membrane. 

Acknowledgements 

We  are  grateful  to  W.C.  Johnson  and  A.  Toumadje,  Oregon  State  University, 
Corvallis  for  the  VARSEL  program.  H.  Nikolenko  is  thanked  for  excellent  technical 
assistance. 

References 

1 .  Vale,  W.,  Spiess,  J.,  Rivier,  C.  and  Rivier,  J.,  Science,  213  (1981)  1394. 

2.  Pallai,  P.V.,  Mabilia,  M„  Goodman,  M..  Vale,  W.  and  Rivier,  J.,  PNAS,  80  (1983) 
6770. 

3.  Krause,  G.,  FMP,  personal  information. 

4.  Chen,  Y.J.,  Yang,  J.T.  and  Martinez,  H.M.,  Biochemistry,  11  (1972)  4120. 

5.  Provencher,  S.W.  and  Gldckner,  J.,  Biochemistry,  20  (1981)  33. 


546 


Bradykinin  analogs  via  cyclization  of  side  chains 
and  modified  backbone 


G.  Greiner1,  J.  Jezek1,  L.  Seyfarth1,  B.  Muller1, 
C.  Liebmann1,  I.  Paegelow2  and  S.  Reissmann1 

institute  of  Biochemistry  and  Biophysics,  Friedrich-Schiller- 
University,  Philosophenweg  12,  D-07743  Jena,  Germany 
2lnstitut  of  Pharmacology  and  Toxicology,  University  Rostock, 
Schillingallee  70,  D-18057  Rostock,  Germany 


Introduction 

Cyclic  bradykinin  analogs  were  synthesized  in  order  to  study  the  influence  of 
conformational  restrictions  on  the  biological  activity  and  to  suppress  the  enzymatic 
degradation  [1,  2].  To  study  the  influence  of  the  N-terminal  part  on  the  hormone 
receptor  interaction  we  prepared  different  types  of  cyclic  bradykinin  analogs.  Besides 
the  classical  side  chain  to  side  chain  cyclization  we  synthesized  also  side  chain  to 
backbone  and  backbone  to  backbone  analogs. 

Results  and  Discussion 

The  peptides  synthesized  in  this  study  (see  Table  1)  were  prepared  by  SPPS 
using  a  combination  of  Boc/Bzl  and  Fmoc/Bu1  strategy.  For  condensation  reagents 
see  Figure  1.  We  used  qualitative  Kaiser  test  monitoring  throughout  all  synthetic 
steps.  Peptides  with  y(CH2-NH)  bonds  were  prepared  in  accord  with  Coy  et.  al.  [3], 
The  cyclizations  (except  peptide  no.  I)  were  done  by  BOP  or  TBTU.  Final 
deprotection  and  detachment  horn  the  resin  was  made  with  TFMSA,  TFA,  thioanisol 
and  EDT.  Purification  was  done  on  Biogel  P2  column  and  then  by  RP-HPLC.  The 
peptides  obtained  were  characterized  by  AAA  and  FABMS.  In  comparison  with 
literature  [4,  5],  we  used  N  to  N  backbone  cyclization.  The  most  problematic 
building  block  Fmoc-N(CH2COOBut)Pbe'-OH  (XTV)  was  obtained  by  alkylation  of 
H-Phe-OBzl  with  BiCH2COOBu‘  (AgjO;  DMF)  to  give  HN(CH2COOBu,)'Phe,-OBzl 
(XI).  Catalytic  hydrogenolysis  (Pd/C)  of  XI  in  AcOH  afforded 
HN(CH2COOBu')’Phe’-OH  (XII).  Compound  XU  was  reacted  with  N.O- 
bis(trimethylsilyl)-acetamide  to  give  (CH3)3SiN(CH2C00Bu*)'Phe’-0-Si(CH3)3 
(XHI).  In  situ  reaction  of  XHI  with  Fmoc-Cl  and  workup  with  KHSO«  afforded  the 
key  building  block  XIV.  All  peptides  with  exception  of  VIII  afforded  [M+H]+  in 
accord  with  theory.  The  synthesis  of  peptide  VII  proceeded  well  including 
condensation  of  Fmoc-N(CH2COOBul)'Phe'-OH.  The  following  steps  were  more 
difficult  and  prolonged  reaction  time  or  double  couplings  were  necessary.  It  was  not 
possible  to  monitor  the  incorporation  of  Fmoc-Arg(Mts),  because  the  resin  bound 
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BocNH 

M»  (CH,), 


COOBo1 

l 

CH, 


F«ec  —  Arf  — Ffc*  —  Fro  —  Gly- 


4  Mb 

Ph*  —  S«r  —  D-Pfcc  —  Ffc*  -  Aif-PAM  -  (§) 


L_  Lv  U  tW  taor  to*  U  t 

1. W^HCMjCMO  l»«*  |MCA  ImeA  ImEA  I  I  I 

2.  N*SM£N 
l.MiiWHEA 

Cyclization  on  the  Solid  Support 


CH  _  CH -NHCO-CH  , 

I  I 

H  -  Art  — Pfc«—  Fro  —  GK  Ffc*  -  S*r  - 


■  Ar*  — 1 —  Ffc*—  Fro  —  Gly  — 1 —  Ffc*  —  S«r  —  D-Pbc  —  Ffc*  —  Art — Oil 

Fig.  1.  Backbone  -  backbone  cyclization  of  bradykinin  analog. 


Table  1  Biological  activities  of  cyclic  peptide  analogs 


No 


Peptides 


Antagonistic  Activity  (pAj) 
RUT  GPI 


1 

Cys-Aig-Pro-Pro-Gly-Phe-Cys-D-Phe-Phe-Arg 

73 

0 

n 

i  i 

Lys-Arg-Pro-Pio-Gly-Ptie-Glii-D-Ptie-Phe-Arg 

53 

0 

i - Phe-Phe - , 

m 

Lys-Arg-Pro-Pro-Gly-Phe-Glu-D-Phe-Phe-Arg 

0 

0;* 

( - Arg-Arg - 1 

rv 

Lys-Arg-Pro-Pro-Gfy-Phe-Glu-D-Phe-Plie-Arg 

0 

0;* 

i - Glu-Ghi - 1 

V 

Lys-Arg-Pro-Pro-Gly-Phe-Glu-D-Phe'Phe-Arg 

53 

0;* 

1 - COCH, 

VI 

Lys-Arg-Pro-Pro-Gly-^Phe-Ser-D-Phe-Phe-Arg 

0 

0;* 

CHj-CHj-NHCOCH, 

VII 

Aig-MMje-Pro-Gly^^he-Ser-Ei-Phe-Ptie-Arg 

63 

0;* 

CH,-CH,-NH - 1 

vra 

Arg-4^-Pro-Gly-Phe-Glu-D-Phe-Phe-Arg 

n3. 

n.d. 

CHfCHg-NH, 

DC 

(-Phe-Pro-Gly-Phe-Glu-D-Phe-Ptie-Arg 

nxL 

n.d. 

CHj-CHj-NH, 

*  potentation;  n.d.  not  determined 
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Boc-Glyy(CH2-NH)  peptide  gave  a  negative  Kaiser  test.  The  synthesis  of  vm 
proceeded  well  including  condensation  of  phenylalanine  in  position  2.  In  order  to 
improve  the  incorporation  of  Boc-Glyy(CHrNH),  we  used  a  6  fold  excess  of  Boc- 
Gly  aldehyde.  In  this  case,  unfortunately,  double  reductive  alkylation  [6,  7]  took 
place  and  after  final  deprotection  we  obtained  peptide  IX.  The  disulfide  bridged  analog 
I  has  the  highest  RUT  activity.  Expansion  of  the  bridge  size  decreases  this  activity 
with  the  exception  of  compound  V.  The  side  chain  to  backbone  cyclic  analog  VI  has 
no  antagonistic  activity  in  comparison  with  the  corresponding  linear  peptide. 
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Introduction 

Bradykinin,  an  endogenous  linear  nonapeptide  hormone  with  the  amino  acid 
sequence  Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg,  is  involved  in  a  variety  of 
physiological  and  pathophysiological  processes. 

Because  of  the  pathophysiological  role  of  bradykinin,  its  antagonists  are  of 
great  interest.  Vavrek  and  Stewart  [1]  developed  the  first  antagonist  in  1984,  where 
the  key  sequence  alteration  with  respect  to  bradykinin  was  the  replacement  of  L-Pro7 
with  D-Phe  or  other  D-aromatic  amino  acids.  Since  this  initial  discovery  many 
laboratories  have  attempted  to  develop  more  potent  antagonists  [2-5]. 

Our  interest  was  to  determine  the  structural  and  conformational  requirements  for 
antagonistic  activity  and  tissue  selectivity  of  bradykinin  antagonists.  We  synthesized 
and  studied  analogs  with  replacements  of  D-Phe  at  position  7  by  sterically  hindered  or 
more  hydrophobic  amino  acids,  with  replacements  of  the  proline  residues  in  position 
2  and  3  by  N-methyl  phenylalanine,  and  cyclic  analogs  with  different  bridges,  starting 
from  the  side  chains  or  from  the  backbone. 

Results  and  Discussion 

The  replacement  of  D-Phe  at  position  7  in  bradykinin  antagonists  by  C°,  CP 
and  ring  substituted  amino  acids  decreases,  in  most  cases,  the  potency  probably  by 
steric  hindrance  [6].  Only  2-methyl-,  2,5-dimethyl  phenylalanine  and  2,5-dimethyl 
cyclohexyl  alanine  (II)  enhance  the  antagonistic  activity,  alone  or  in  combination 
with  other  hydrophobic  amino  acids  at  position  8.  The  possibility  of  replacing  D- 
Phe  at  position  7  by  p-benzoyl-D-phenylalanine  (Bpa)  (TV)  without  a  decrease  in 
potency  is  of  importance  for  developing  a  photolabelled  bradykinin.  Furthermore  it 
is  possible  to  replace  D-Phe  by  3-iodo-D-tyrosine  (V).  From  the  standpoint  of 
structure-activity  considerations  the  substitution  with  Bpa  shows  that  bulky  ring 
substitutions  like  2,3,4,5,6-pentamethyl  phenylalanine  (III)  prevents  the  interaction 
with  the  receptor  binding  site  whereas  the  planar  p-benzoyl  moiety  seems  to  interact 
with  a  hydrophobic  pocket.  N-methyl  and  N-alkyl  phenylalanines  in  the  sequence 
restrict  die  conformational  flexibility  of  the  backbone.  In  position  7  D-NMePhe 
(VI),  converts  antagonists  into  potent  agonists  [6].  The  more  bulky  residues  in  D-N- 
alkyl  amino  acids  destroy  the  activity.  Analogs  with  D-NMePhe  at  position  7  (VII) 
give  the  highest  tissue  selectivity  for  agonists  (RUTA3PI= 10000). 
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Table  1  Agonistic  and  antagonistic  activities 


No  Peptides  Activity 


RUT 

GPI 

I 

[DPhe^-BK 

- 

5.6 

II 

[DLCha(2,5Me)7]-BK 

- 

6.0 

III 

[DLPhe(23,4^^Me)7]-BK 

- 

- 

IV 

Tyi(I)-DArg-(Bpa7)-BK 

758 

6.83 

V 

tTyr(D7.Oic*)-BK 

7.13 

6.69 

VI 

[DNMePhe’j-BK 

136% 

0.4% 

VII 

DArgCHyp,.'nu,JDNMePhe7]-BK 

86% 

0006% 

vra 

[LNMePhe*)-BK 

33% 

4% 

IX 

Lys-Arg-Pro-Pro-Gly-Phe-GIu-DPhe-Phe-Arg 
•  » 

SB 

0 

X 

Arg-Phe-Pro-Gly-Phe-Ser-DPhe-Phe-Arg 

6.13 

- 

l  l 


(CH^NHCOCHj 


By  replacement  of  proline  residues  at  position  2  and  3  by  D-  and  L-NMePhe 
only  [L-NMePhe2]-BK  (VIII)  has  moderate  agonist  activity  on  rat  uterus.  The  most 
striking  finding  with  this  analog  is  the  antagonistic  activity  on  guinea  pig  lung  strip. 
Thus  this  analog  represents  a  new  type  of  antagonist  for  B2  receptors,  without  any 
replacement  at  position  7.  Furthermore  this  analog  inhibits  at  a  concentration  of 
lfr'3  M  cytokine  secretion  from  mononuclear  cells. 

Based  on  conformational  calculations  using  molecular  mechanics  and  dynamics 
we  synthesized  different  types  of  cyclic  bradykinin  antagonists  to  confirm  the 
supposed  conformation  of  two  turns,  one  in  die  N-terminal  part  and  a  second  in  the 
C-terminal  part;  to  develop  conformationally  stabilized  potent  antagonists  and  to 
study  the  influence  of  different  types  of  cyclization  on  the  biological  activity. 

In  the  first  series  of  analogs  we  used  the  linear  starting  sequence  [DPhe7]- 
bradykinin.  In  this  relatively  weak  antagonist  the  influence  of  conformational 
constraints  should  be  easier  to  observe  than  in  highly  potent  analogs,  where  the  C- 
terminal  sequence  binds  strongly  with  the  receptor. 

The  replacement  of  serine  in  position  6  by  glutamic  acid  retains  the  biological 
activity.  Cyclization  of  the  side  chains  from  Lys°and  Glu6  by  a  lactam  bridge  (IX) 
provides  an  antagonist  with  nearly  the  same  activity  as  the  linear  peptide  and  as 
[DPhe7]-BK  itself. 

In  contrast  to  the  studies  on  melanotropin  by  Hruby  [7],  modifications  of  the 
intramolecular  bridges  by  positively  charged,  negatively  charged  or  hydrophobic 
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amino  acids  destroy  the  antagonistic  activity.  On  the  contrary  these  cyclic  compounds 
potentiate  the  bradykinin  action. 

To  obtain  cyclic  analogs  with  minimal  changes  in  the  side  chains  we 
synthesized  analogs  with  bridges  starting  from  the  backbone.  Using  the  results  with 
[L-NMePhe2]-BK  we  replaced  the  proline  residue  at  position  2  by  phenylalanine  and 
started  the  bridge  at  the  amide  nitrogen.  A  very  interesting  fact  of  this  series  of 
cyclic  bradykinin  antagonists  is  the  relative  high  activity  of  the  backbone-backbone 
cyclized  analog  (X),  an  analog  with  minimal  side  chain  modifications.  In  most  cases 
the  cyclization  seems  to  change  the  tissue  selectivity.  Contrary  to  [DPhe7]-BK  the 
active  antagonists  have  a  higher  potency  on  rat  uterus,  some  are  only  active  on  RUT. 

Molecular  dynamics  and  molecular  mechanics  calculations  show  a  good 
agreement  between  the  conformational  shape  of  [DPhe7]-BK  and  the  cyclic  bradykinin 
with  a  lactam  bridge  between  the  side  chains  of  lysine  at  position  0  and  glutamic  acid 
at  position  6  (X).  Thus,  the  activities  of  the  cyclic  antagonists  confirm  the  proposed 
P-tum  in  the  N-terminal  part. 
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Introduction 

Neuropeptide  Y  (NPY)  exhibits  negative  inotropic  effects  on  both  isolated 
hearts  [1]  and  myocytes  [2].  Plasma  NPY  levels  are  elevated  in  patients  with 
congestive  heart  failure  (CHF)  [3].  These  findings  suggest  that  cardiac  NPY  receptor 
antagonists  may  have  therapeutic  value  in  CHF.  Our  previous  investigations  directed 
towards  these  goals  resulted  in  the  characterization  of  cardiac  NPY  receptors  [4]  and 
the  demonstration  that  NPY(  17-36)  is  a  physiological  antagonist  of  NPY  in  rat 
cardiac  membranes  [3].  We  also  reported  that  NPY(18-36)  can  competitively 
antagonize  the  inhibitory  effects  of  NPY  on  the  adenylate  cyclase  activity  [6]  and 
contractility  [7]  of  rat  cardiac  membranes  and/or  myocytes.  However,  NPY(18-36) 
has  been  reported  to  exhibit  agonist  activity  in  other  in  vitro  [8]  and  in  vivo  [9] 
systems.  To  minimize  these  e  oblems,  we  decided  to  synthesize  NPY(  18-36) 
analogs  with  the  pseud  *>d  (-Cri2-NH-)  because  introduction  of  the  pseudobond  has 
often  been  shown  to  .  ;rate  peptide  analogs  with  increased  receptor  affinity, 
selectivity  and/or  half  ufe  [10].  Furthermore,  we  chose  to  incorporate  the 
pseudobonds  in  between  residues  30/31, 31/32,  and  32/33  because  the  conformational 
changes  in  this  receptor  binding  region  were  expected  to  impart  dramatic  changes  in 
the  properties  of  NPY(  18-36).  Although  we  encountered  initial  difficulties, 
introduction  of  a  protecting  group  for  the  secondary  amine  in  the  pseudobond  enabled 
the  synthesis  of  these  compounds  in  good  yield  and  good  purity. 

Results  and  Discussion 

Elegant  investigations  by  Fehrentz  and  Castro  [11]  and  subsequently  by  Sasaki 
and  Coy  [12]  have  shown  that:  I.  optically  pure  Boc-AA-CHO  can  be  synthesized  in 
high  yields  by  the  LiAlH4  reduction  of  the  N-metboxy-N-methylamides  of  Boc-AA- 
OH,  and  II.  Boc-AA-CHO  can  be  directly  coupled  to  the  a-NH2  group  of  the  peptide 
resin  by  reductive  alkylation  using  NaBH3CN  (Scheme  1).  However,  the  possibility 
of  branching  at  the  secondary  amino  group  prevents  general  applicability  of  this 
method  especially  for  the  synthesis  of  long  peptides  containing  a  pseudobond  in  the 
C-terminal  region  as  in  NPY(18-36).  Therefore,  we  investigated  the  possibility  of 
capping  the  secondary  amino  group  with  Tos,  Z  or  (2-Cl)Z  groups  which  could  be 
simultaneously  removed  during  the  final  HF  cleavage  to  obtain  free  peptides.  Initial 
investigations  revealed  that  the  treatment  of  the  peptide  resin  containing  the 
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Boc-AA-CO-(N-Me)-OMe 

I  liaih« 

Boc-AA-CHO- 


NHrPEPTIDE-RESIN 

(NINHYORIN-BLUE) 


NaCNBH]  (2.5  equiv.) 
1H  AcOH  in  DMF 


BOC-AA-CH2-NH-PEPTIDE-RESIN 

(NINHYDRIN-WINE  RED) 

Z(2-CI)OSU  (2  equiv.) 
HOBT  (2  equiv.) 

DIPEA  (4  equiv.) 

Boc-AA-CH2-N(2CI-Z)-PEPTIDE-RESIN 

(NINHYDRIN-YELLOW) 

SCHEME  1 


pseudobond  with  Tos-Cl  or  Z-Cl  (2  equiv.)  and  DIPEA  (4  equiv.)  resulted  in  the 
complete  capping  of  the  secondary  amine  within  30  min.  The  red  wine  color  of 
ninhydrin  with  the  secondary  amine  turned  yellow  at  the  end  of  capping.  However, 
the  known  lability  of  the  Z- group  during  repeated  acidolysis  to  remove  the  N-a-Boc 
group,  and  the  apparent  resistance  of  the  Tos  group  attached  to  secondary  amine  to 
HF,  led  us  to  choose  (2-Cl)Z  for  the  capping  of  the  secondary  amine  group.  This 
was  introduced  by  treating  the  peptide  resin  with  the  pseudobond  with  (2-Cl)Z-OSU 
(2  equiv.),  HOBT  (2  equiv.)  and  DIPEA  (4  equiv.)  for  30-60  min.  This  reaction  also 
blocks  the  a-NH2  group  which  has  not  reacted  with  Boc-AA-CHO.  Analytical 
RPLC  of  the  three  pseudopeptide  analogs  of  NPY(  18-36)  synthesized  by  this  strategy 
revealed  that  the  crude  peptides  contained  >65%  of  the  target  compounds.  These 
peptides,  (y^'JNPYf  18-36)  (IC^.OO  nM),  (y31'32)NPY(  18-36)  (1.00  nM)  and 
(y32-33)NPY( 18-36)  (0.56  nM),  exhibited  greater  affinity  and  selectivity  to  cardiac 
NPY  receptors  than  NPY(18-36)  (126  nM).  In  summary,  we  have  shown  that  long 
peptides  with  pseudobonds  in  the  C-tenninal  region  can  be  synthesized  by  solid  phase 
method  in  high  yields  by  protecting  the  secondary  amine  of  the  pseudobonds.  This 
strategy  could  now  be  applied  for  the  synthesis  of  the  pseudopeptide  analogs  of  other 
peptide  hormones  with  C-terminal  active  sites. 
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Introduction 

Human  parathyroid  hormone  (hPTH)  plays  an  important  physiologic^  role  by 
regulating  the  resorption  and  deposition  of  calcium  in  bone.  Although  the  full-size 
hormone  is  84  residues  long,  all  the  information  required  to  elicit  major  biological 
responses,  such  as  activation  of  adenylate  cyclase  or  stimulation  of  membrane-bound 
protein  kinase  C,  is  contained  within  the  biologically  active  1-34  region  [1].  In  the 
previous  report  [2],  we  have  identified  a  sequence,  between  residues  21  and  34,  that 
can  form  an  amphiphilic  a-helix.  Furthermore,  biological  data  [3]  have  indicated 
that  this  sequence  contains  the  entire  domain  responsible  for  stimulation  of 
membrane  bound  PKC.  To  further  test  the  role  of  amphiphilic  helix  in  biological 
activities  of  the  hormone,  we  have  designed  and  synthesized  two  classes  of  hPTH(20- 
34)  and  hPTH(l-34)  analogues:  class  one  peptides  which  were  predicted  to  have 
greatly  reduced  propensity  to  form  amphiphilic  helices,  and  class  n  peptides  of 
increased  propensity  to  form  amphiphilic  structures.  Here,  we  report  the  correlations 
between  the  structural  properties  of  these  analogues  and  their  biological  activities. 

Results  and  Discussion 

Figure  1  shows  helical  wheel  projections  for  the  21-34  region  of  hPTH  and  of 
the  hormone  analogues  used  in  this  study.  The  distribution  of  polar  and  hydrophobic 
residues  in  the  original  peptide  is  fairly  regular.  Therefore,  if  this  peptide  were  to 
form  an  a-helical  structure,  the  polar  and  apolar  residues  would  be  segregated  on 
opposite  sides  of  the  cylindrical  helix  (top  panel).  The  amphiphilic  character  of  this 
helix  should  be  further  improved  in  the  mutant  peptide  obtained  by  substituting  Lys- 
27  with  the  more  hydrophobic  Leu  (left  panel).  Another  analogue  of  the  hormone 
was  designed  by  swapping  Leu-24  with  Lys-26.  Swapping  of  these  two  amino  acids 
altered  distribution  of  hydrophobic  and  polar  residues,  resulting  in  the  structure  of 
greatly  diminished  potential  to  form  amphiphilic  helix  (right  panel). 

A  notable  feature  of  many  peptide  hormones  with  propensity  to  form 
amphiphilic  helix  is  their  ability  to  interact  with  phospholipid  surfaces.  Such  an 
anisotropic  environment,  which  is  believed  to  mimick  the  properties  of  a 
hydrophobic  region  of  the  receptor,  facilitates  folding  of  these  peptides  into 
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Fig.  1.  Helical  wheel  projections  of  hPTH(21-34)  and  analogues.  Hydrophobic  residues 
are  circled. 


Table  1  Circular  dichroism  and  biological  activities  of  hPTH  analogues 


Peptide 

~e222 

x  10-3 

PKC 

Adenylate 

cycIasefCjg) 

(nM) 

Buffer 

+P0PS* 

hPTH-(20-34) 

3.2 

17.1 

+ 

inactive 

[L27]-hPTH(20-34) 

6.5 

24.1 

+ 

inactive 

[KMJL26]-hPTH(20-34) 

1.7 

0.2 

- 

inactive 

hPTH-(l-34) 

6.3 

13.8 

+ 

14 

[L^J-hPTHf  1  -34) 

11.6 

16.7 

+ 

3 

[K24,L26]-hFTH-(  1  -34) 

3.8 

6.2 

- 

inactive 

*  Palmitoyl-oleoyl-phosphatidylserine. 

b  Expressed  as  peptide  concentration  (Cj0)  inducing  50%  of  maximum  observed 
production  of  [3H]-cAMP. 
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amphiphilic  helical  structures.  The  secondary  structure  of  various  peptide  analogues 
was  assessed  by  circular  dichroism  spectroscopy.  In  Table  1  we  report,  as  an 
empirical  parameter,  the  ellipticity  at  222  nm.  More  negative  values  of  0222  are 
indicative  of  increased  structure,  particularly  the  formation  of  an  a-helix.  Like  many 
other  small  and  medium-sized  peptides,  in  aqueous  buffer  hPTH(20-34)  and  the 
substituted  analogues  have  very  little  ordered  secondary  structure,  as  indicated  by  the 
minimum  in  the  CD  spectra  at  about  200  nm  and  very  low  negative  ellipticity  at  222 
nm  (Table  I).  Addition  of  phosphatidylserine  vesicles  to  the  solution  of  hPTH(20-34) 
results  in  a  dramatic  increase  in  the  magnitude  of  0222  and  the  appearance  of  a  second 
minimum  at  about  208  nm,  characteristic  of  a-helix.  The  extent  of  this  lipid- 
induced  helicity  is  even  more  pronounced  for  the  [Leu-27]  analogue  of  hPTH(20-34). 
In  contrast,  swapped  hPTH(20-34)  still  binds  to  the  lipid  vesicles  (data  not  shown), 
but  does  not  adopt  a  helical  structure.  The  longer  1  -34  fragment  of  the  hormone  is 
slightly  helical  even  in  the  buffer,  most  likely  due  to  folding  of  its  N-terminal 
portion  [2,  4].  The  helicity  is  further  increased  in  the  presence  of  phospholipid 
vesicles.  As  with  the  20-34  fragments,  the  negative  magnitude  of  0222  in  the  lipidic 
environment  is  greatest  for  [Leu-27]-hPTH(l-34),  followed  by  the  parent  hPITI(l- 
34),  and  the  largely  non-helical  swapped  analogue. 

PTH(20-34)  and  PTH(l-34)  stimulate  membrane  bound  PKC  in  17/2  rat 
osteosarcoma  cells  with  a  potency  essentially  equal  to  that  of  the  full  hormone. 
While  this  activity  is  retained  by  the  Leu-27  analogues  of  the  peptides,  it  is 
completely  lost  by  the  swapped  variants  (Table  1).  Activation  of  adenylate  cyclase 
requires  almost  all  of  the  1-34  sequence.  Notably,  the  adenylate  cyclase  stimulatory 
activity  of  hPTH(l-34)  is  considerably  increased  upon  substitution  of  Lys-27  with 
Leu  (as  indicated  by  a  lower  concentration  of  the  latter  peptide  required  to  produce 
similar  response),  whereas  it  completely  disappears  in  the  swapped  analogue  of  the 
hormone  (Table  1). 

In  conclusion,  the  present  data  shed  new  light  on  structure-function 
relationships  in  hPTH.  These  data  clearly  demonstrate  the  importance  of 
conformational  properties  of  hPTH  and  indicate  that  the  amphiphilic  helical 
secondary  structure  within  the  20-34  region  is  critically  important  for  biological 
activities  of  the  hormone. 
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Introduction 

Eclosion  hormone  (EH)  is  a  neuropeptide  which  plays  a  crucial  role  in  insect 
ecdysis  behavior.  The  peptide  was  isolated  from  lepidopteran  species,  Bombyx  mori 
and  Manduca  sexto.  Bombyx  EH  consists  of  62  amino  acid  residues  and  includes  three 
intramolecular  disulfide  bonds  (Figure  1)  [1].  In  order  to  study  the  chemical  and 
biological  aspects  of  Bombyx  EH,  it  was  necessary  to  prepare  highly  purified  peptide 
in  large  quantities.  The  synthesis  was  carried  out  by  both  a  liquid  phase  method 
applying  maximum  protection-HF  procedure  and  a  solid  phase  method  applying 
Fmoc-strategy.  Using  the  synthetic  Bombyx  EH,  we  investigated  the  mechanism  of 
EH-mediated  signal  transduction  in  the  silkworm  abdominal  ganglia. 

Results  and  Discussion 

The  polypeptide  chain  was  assembled  from  1 1  segments  as  indicated  in  Figure 
1 .  All  the  coupling  reactions  were  carried  out  in  N-methylpyrrolidone  (NMP)  or  a 
mixture  of  NMP  and  DMSO  using  the  WSCI-HOBt  method  to  afford  the  fully 
protected  peptide.  All  the  protecting  groups,  except  Acm,  were  removed  by  the  HF 
method  [HF/p-cresol/  l,2-butanedithiol:80/5/15  (V/V/V),  -5  °C,  60  min].  The  thus 
obtained  hexa-Acm  peptide  was  purified  by  gel-filtration  on  Sephadex  G-50  followed 
by  RP-HPLC  and  then  treated  with  Hg(OAc>2  in  5%  AcOH  to  remove  the  Acm 
groups.  The  disulfide  bridges  were  formed  by  random  air  oxidation  in  the  presence  of 
GSH/GSSG.  The  homogenous  peptide  was  obtained  after  several  purification  steps 
by  using  gel-filtration  and  preparative  RP-HPLC.  We  have  also  tried  to  synthesize 
EH  by  a  conventional  solid  phase  method  applying  Fmoc-strategy.  The  purity  of  the 
intermediate  53-62, 43-62,  33-62,  23-62  and  13-62,  was  checked  after  deprotection. 
A  major  side  product  formed  during  the  peptide  chain  elongation  was  found  to  lack  lie 
residue  at  position  46.  However,  this  side  reaction  was  avoided  by  the  double 
coupling  technique.  The  final  peptide  either  synthesized  by  the  liquid  phase  or  the 
solid  phase  method  was  characterized  by  amino  acid  analysis,  sequence  analysis,  mass 
analysis  and  RP-HPLC.  The  peptide  mapping  of  a  thermolysin  digest  of  the 
synthetic  peptide  gave  multiple  peaks  on  RP-HPLC.  The  structures  of  the  cystine- 
containing  fragments  were  determined  by  sequence  and  mass  analyses.  The  results 
indicate  that  the  amino  acid  sequence  and  the  disulfide  pairings  of  the  synthetic 
peptides  are  identical  to  that  of  Bombyx  EH.  In  vivo  studies  showed  that  the 
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synthetic  EH  induced  eclosion  behavior  with  an  EDjo  value  of  0.1-0.2ng/animal,  a 
value  very  similar  to  that  of  the  native  EH  (Figure  2a). 

These  results  suggest  that  the  peptides  obtained  by  both  synthetic  methods  were 
identical  to  that  proposed  for  the  natural  Bombyx  EH.  Furthermore,  the  linear  EH 
(hexa-Acm  EH)  did  not  induce  the  eclosion  behavior,  suggesting  that  the  disulfide 
bonds  are  important  for  exhibiting  biological  activity. 


B?1 


Fig.  1.  Synthetic  scheme  and  structure  of  Bombyx  EH. 
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Using  the  synthetic  EH,  we  studied  the  mechanism  of  EH  mediated-signal 
transduction.  Consequently,  we  found  a  new  biochemical  aspect,  namely  the  EH 
induced-phosphatidylinositol  hydrolysis  (Ptdlns  hydrolysis),  in  the  abdominal 
ganglia.  Incubation  of  the  ganglia  from  silkworm  pharate  adults  with  the  EH  led  to 
an  increase  in  the  formation  of  inositol  1,4,5-trisphosphate  (Figure  2b).  The  EH 
induced-Ptdlns  hydrolysis  occurred  in  a  dose-dependent  manner  and  was  abolished  by 
phospholipase  C  inhibitors.  This  kind  of  EH  response  developed  in  parallel  to  the 
EH  induced-eclosion  behavior  during  the  silkworm  adult  development.  In 
consideration  of  previous  results  which  show  a  crucial  role  of  cGMP  as  a  second 
messenger  in  the  EH  mediated-signal  transduction  [2],  we  hypothesized  a  cross  talk 
between  cGMP  and  inositol  1,4,5-trisphosphate  in  the  EH  signaling  cascade. 


Fig.  2.  Dose  dependency  of  eclosion  behavior  (a)  and  IP 3  increase  (b)  by  EH. 
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Introduction 

After  the  isolation  of  luteinizing  hormone-releasing  hormone  (LHRH)  from 
porcine  hypothalamic  extracts  in  1971,  more  than  3500  LHRH  antagonists  have  been 
synthesized  with  the  goal  of  finding  a  better  therapeutic  agent  for  the  treatment  of 
endocrine-related  diseases  (e.g.,  prostate  cancer  and  breast  cancer)  and  for 
contraception.  Significant  progress  has  been  made  in  increasing  the  anti-ovulatory 
activity  (AO A)  of  LHRH  antagonists,  with  the  development  of  Nal-Glu  [1],  Antide 
[2]  and  Azaline  B  [3]  as  examples.  But  all  these  types  of  antagonists  have  low  water 
solubility,  and  are  typically  administered  to  experimental  rats  by  dissolving  in  com 
oil  or  1%  aqueous  DMSO.  Some  of  the  analogs  have  a  very  strong  tendency  to  form 
a  gel  at  the  subcutaneous  injection  site,  which  discourages  their  further  study  for 
clinical  application.  Therefore  it  is  highly  desirable  to  have  LHRH  antagonists 
synthesized  with  high  water  solubility  as  well  as  high  AOA.  In  fact  a  number  of 
LHRH  antagonists  were  synthesized  bearing  a  hydrophilic  O-(a-L-rhamnopyranosyl)- 
D-serine  in  position  6  by  Konig  et  at.  [4]  and  reported  to  have  high  water  solubility 
and  good  AO  activity.  We  report  here  our  studies  on  the  synthesis  and 
characterization  of  LHRH  antagonists  with  high  water  solubility  and  high  anti- 
ovulatory  activity. 

Results  and  Discussion 

Early  structure-activity  relationship  studies  have  suggested  that  the  side  chain  of 
amino  acid  residue  6  is  not  involved  in  receptor  binding.  Therefore  this  position  was 
chosen  as  the  modification  site  where  a  variety  of  highly  hydrophilic  moieties 
(carbohydrate,  polyethylene  glycol  and  polyhydroxy  compounds)  were  attached 
through  either  the  e-amino  group  of  D-lysine  or  the  y-carboxylic  group  of  D- 
glutamic  acid  residue,  with  the  common  sequence  shown  below. 

Ac-D~Nal-D-Cpa-D-Pal-Ser-Tyr-D-AA6-Leu-Lys(N£-iPr)-Pn>-D-Ala-NH2 

This  was  achieved  by  a  post-synthesis  solid  phase  modification  method  in  which 
Boc-D-Glu(Fm)-OH  or  Boc-D-Lys(Fmoc)-OH  was  initially  incorporated  during  the 
peptide  chain  assembly  (Boc/Bzl  chemistry).  Then  the  fluorenylmethoxy-based  side 
chain  protecting  group  was  selectively  removed  using  50%  piperidine  in  DMF  and 
the  newly  released  carboxyl  or  amino  group  was  modified.  Peptides  were  released 
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from  the  MB  HA  resin  by  HF  in  the  presence  of  anisole  with  simultaneous  removal 
of  the  side  chain  protecting  groups.  Analogs  were  purified  by  preparative  HPLC  and 
characterized  by  amino  acid  analysis  and  plasma  desorption  mass  spectrometry. 

This  synthetic  strategy  works  very  well  for  the  synthesis  of  most  of  the 
analogs,  but  there  are  cases  when  this  method  does  not  work.  It  was  found  that 
DMSO  was  a  useful  solvent  for  solid  phase  coupling  of  polyhydroxy  acids  or  amines 
when  DCM,  DMF,  and  NMP  failed  to  dissolve  the  compounds.  For  the  synthesis  of 
the  analog  carrying  a  taurine  moiety  (1),  this  strategy  failed  because  taurine  was 
insoluble  in  organic  solvents  and  could  not  be  coupled  to  the  resin-bound  carboxyl 
group.  This  problem  was  circumvented  by  directly  incorporating  Boc-D-Glu(y- 
NHCH2CH2S03H)-0H  into  the  sequence.  The  taurine  derivative  was  synthesized  by 
reacting  Boc-D-Glu(a-Bzl)-OH  with  taurine  using  the  mixed  anhydride  method 
followed  by  hydrogenolysis  to  remove  the  a-benzyl  protection.  We  had  to  sacrifice 
yield  in  the  taurine  coupling  by  mixed  anhydride  since  we  had  no  alternative  except  to 
use  water  to  dissolve  taurine  in  the  reaction.  In  the  case  of  coupling 
tris(hydroxymethyl)-aminomethane  (Tris,  3)  to  the  resin-bound  carboxyl  group  where 
three  hydroxyl  groups  are  competing  with  one  amino  group  for  attachment,  an  ester 
linkage  was  formed  along  with  the  desired  amide  bond  formation.  But  the  ester  could 
be  easily  converted  to  the  desired  amide  by  dissolving  the  crude  peptide  in  aqueous 
acetonitrile  with  the  presence  of  triethylamine  (probably  through  a  5-membered 
intramolecular  rearrangement).  For  the  synthesis  of  analog  8  in  which  a  carbohydrate 
moiety  was  attached  to  the  D-lysine  side  chain,  the  hydroxyl  groups  were  protected 
by  a  ketal  when  coupling  to  the  resin-bound  e-amino  group,  and  the  ketal  was 
removed  at  the  acidic  extraction  step  using  30%  aqueous  acetic  acid. 


Table  1  Characteristics  ofLHRH  antagonists  with  side-chain  modified  D-Glrf(-X) 


Entry 

X 

RT  (min)® 

AOAb 

1 

-nhch2ch2so3h 

13.0 

1/8  @  5.0  pg 

2 

N(CH2CH2OH)2 

14.4 

6/8  @  1.0  pg 

3 

-NHC(CH2OH>, 

/ — \ 

13.7 

2/8  @  1.0  pg 

4 

-N  O 

V _ t 

15.8 

6/8  @  1.0  pg 

5 

-CKCH2CH20)tCH3 

16.2 

7/8  @  2.0  pg 

6 

-NH(CH2CH20)2H 

15.7 

3/8  @  2.0  pg 

®RT  is  retention  time  recorded  on  HPLC  in  min.  Column:  Vydac  C18  (250  mm  x  4.6  mm). 
Linear  gradient:  36%B  to  42%B  in  20  min  (solvent  A:  0.1%  TFA  in  H20  and  solvent  B: 
0.09%  TFA  in  70%  aq.  MeCN). 

bAOA  is  anti-ovulatory  activity  expressed  by  number  of  rats  ovulated/number  of  rats  tested 
at  a  dose  given  in  micrograms  per  rat 

High  performance  liquid  chromatography  (HPLC)  was  used  to  evaluate  the 
hydrophilicity  of  the  LHRH  antagonists  synthesized  (Tables  1  and  2).  The  retention 
time  is  well  correlated  with  the  structure.  But  from  our  study,  it  was  found  that 
water  solubility  of  peptides  could  not  be  exactly  expressed  by  its  retention  time 
(hydrophilicity)  measured  using  a  reversed  phase  (Cl 8)  HPLC  column.  For  example, 
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1 


5  bearing  a  polyethylene  glycol  modification  has  the  highest  water  solubility,  but  its 
retention  time  is  among  the  longest.  2  has  a  diethanolamine  modification  and  8  has 
a  carbohydrate  moiety.  The  two  peptides  have  the  same  retention  time,  but  8  is 
much  more  soluble  in  water  than  2.  We  also  found  that  there  was  no  solid  evidence 
that  the  gel  formation  of  LHRH  antagonists  could  be  related  to  its  hydrophilicity. 

Table  2  Characteristics  of  LHRH  antagonists  with  side-chain  modified  D-Lys6(  -Y) 


Entry 

Y 

RT  (min)* 

AOAb 

7 

-COCH2CH2COOH 

15.5 

9/10  @  1.0  pg 

8 

-CO(C5H9Oj),  gulonyl 

14.4 

4/8  @  1.0  pg 

9 

-COCH2OH 

16.6 

7/8  @  1.0  pg 

10 

-COCHjCN 

16.6 

8/8  @  1.0  pg 

11 

-COCONH2 

16.5 

4/8  @  1 .0  pg 

12 

-COCHj 

16.9 

2/10  @  1.0  pg 

a-bSee  Table  1. 


All  the  LHRH  antagonists  synthesized  (Tables  1  and  2)  were  assayed  for  their 
anti-ovulatory  activities  (AOA).  Generally,  analogs  with  modified  D-lysine  in 
position  6  have  higher  activities  than  those  with  modified  D-glutamic  acid  in 
position  6,  except  the  one  with  D-glu(Tris)6  (3).  The  activity  differences  between  the 
two  groups  of  antagonists  may  partially  be  attributed  to  the  length  difference  of  the 
side  chains  between  D-lysine  and  D-glutamic  acid.  Analogs  (entries  1  and  7)  with  a 
negatively  charged  residue  in  position  6  give  low  AO  activities.  Modification  by 
Tris  and  gulonic  acid  give  the  most  active  antagonists,  75%  and  50%  inhibition  of 
ovulation  at  a  dose  of  1  pg  in  rats. 
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Introduction 

In  designing  LHRH  antagonistic  decapeptides,  a  cluster  of  hydrophobic  aromatic 
residues  at  the  N-terminus  combined  with  a  positively  charged  residue  in  position  6 
and  a  basic  residue  in  position  8  is  known  to  result  in  high  antiovulatory  (AO) 
potency  [1].  However,  the  same  structural  feature  can  also,  unexpectedly,  trigger  a 
strong  tendency  for  the  cells  to  release  histamine  as  a  side  reaction  in  vivo  which  has 
already  prevented  a  number  of  antagonistic  analogs  from  their  clinical  application  [2]. 
Among  these  analogs,  the  conventional  choice  for  getting  a  positive  charge  in 
position  6  is  the  incorporation  of  a  basic  residue  (D-Arg,  D-Lys  or  NE-isopropyl-D- 
Lys)  which  can  be  protonated  under  physiological  conditions.  We  report  a  method  to 
retain  the  positive  charge  in  position  6  but  eliminate  its  basicity  by  an  incorporation 
of  NPy-alkylated  3-(3'-pyridyl)-D-alanine  which  holds  a  permanent  and  relatively 
shielded  positive  charge  as  an  alkyl  pyridinium.  A  series  of  decapeptides  containing 
different  kinds  of  NP>-alkyl-3-(3'-pyridyl)-D-Ala  (or  alkyl-D-Pal)  in  position  6  has 
been  prepared  to  investigate  the  shielding  effect  related  to  the  size  of  the  alkyl  group. 
Some  structure-activity  relationships  of  other  designed  methyl-Pal  containing 
peptides  are  also  discussed. 

Results  and  Discussion 

N“-Boc-NPy-alkyIated  3-(3'-pyridyl)-D-alanines  with  alkyl  groups  of  different 
sizes  were  prepared  from  Boc-3-(3'-pyridyl)-D-alanine  via  either  direct  alkylation  with 
corresponding  alkyl  halide  or  a  catalytic  process  carried  out  by  using  relevant  alkyl 
iodide  and  silver(I)  oxide  as  a  catalyst  [3].  Solid  phase  synthesis  with  Boc/Bzl 
protecting  protocol  and  DCC/HOBt  coupling  strategy  were  employed  in  an  ABI- 
431 A  automatic  peptide  synthesizer  for  the  preparation  of  all  the  alky IPal -containing 
peptides. 

The  NPy-alkyl-D-Pal6  containing  antagonists,  biological  data  of  which  are  shown 
in  Table  1,  were  designed  in  a  general  sequence  of  Ac-D-Nal-D-Cpa-D-Pal-Ser-Tyr-D- 
(NPy-alkyl)Pal-Leu-(N*-iPr)Lys-Pro-D-Ala-NH2  in  order  to  basically  satisfy  the 
structural  requirements  for  high  antiovulatory  activity  based  on  the  reported  results 
[1,  4-6].  Evidently,  this  sequence  has  provided  the  peptides  (entries  1-4)  with  a 
sufficient  AO  activity  and,  simultaneously,  a  reduction  in  histamine  release  (HR). 
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The  shielding  effect  to  the  pyridinium  positive  charge  caused  by  the  NP^-alkyl  group 
has  been  observed  by  a  decrease  of  HR  by  some  three-fold  when  it  is  changed  from  a 
less  hindered  carbon  (methyl  or  benzyl)  to  a  hindered  carbon  (isopropyl).  Generally, 
the  introduction  of  an  alkyl  pyridinium  instead  of  a  proton ated  amine  in  position  6 
may  reduce  HR  by  about  forty  (entries  1  and  3)  to  a  hundred-fold  (entry  4)  compared 
with  'Nal-Arg'  (entry  S).  It  seems  that  the  structural  necessity  in  position  6  for  high 
AO  activity  should  be  a  positively  charged  side  chain  radio'  than  a  basic  residue. 


Table  1  Biological  data  comparison  among  'Nal-Arg'  and  NPy-alkyl-D-Pal6 
containing  LHRH-antagonists  in  a  general  sequence  of  Ac-D-Nal-D-Cpa-D- 
_ Pal-Ser-Tyr-D-(NPy-aUcyl)Pal-Leu-(Nc-iPr)Lys-Pro-D-Ala-NH2 


Entry 

Alkyl  group 

Antiovulatory 

activity* 

Histamine  release  EDjg 
(pg/ml)b 

1 

-ch3 

1/10  @  1.0  pg 

7.1 

2 

-CHjCHjCHjCHj 

1/8  @  1.0  pg 

not  done 

3 

-ch2c6h5 

0/8  @  1.0  pg 

6.0 

4 

-CH(CHj)2 

0/10  @  1.0  pg 

17.0 

5  CNal-Arg') 

0/10  @  1.0  pg 

0.17 

*  Ovulated/total  experimental  rats  at  a  dose  in  microgram. 
b  In  vitro  test  using  rat  mast  cells. 


Table  2  Characteristics  of  other  NP* -methyl- Pal  containing  LHRH  antagonists 


Entry 

Other  residues  in  a  sequence  of 
[Ac-D-Nal1,  D-Cpa2 . D-Ala,0]LHRH 

AO  activity 

HREDjq 

(pg/ml) 

6 

D-Pal3,  MePal5,  D-Trp6 

1/10  @  0.5 

Hg* 

2.5 

7 

D-Pal3,  MePal5,  D-Trp6,  iPrLys8 

7/10  @  0.5  pg 

4.3 

8 

D-Pal3,  iPrLys5,  D-MePal6,  iPrLys8 

9/10  @  0.5  pg 

not  done 

9 

D-Pal3,  MePal5,  D-iPrLys6,  iPrLys8 

9/10  @  0.5  pg 

7.9 

10 

D-Pal3,  D-MePal6  (N*-triMe)Lys8 

5/10  9  0.5  pg* 

not  done 

11 

D-Pal3,  MePal5,  D-Tyr6,  (Ne-diMe)Lys8 

2/10  @  1.0  pg 

5.6 

*0/10  @  1.0  mg. 


Some  other  MePal  containing  antagonists  have  also  been  synthesized  for 
structural  interests  (data  shown  in  Table  2).  Entries  10  and  1 1  were  designed  for 
consolidating  the  knowledge  of  residue-transposition  between  positions  5  and  6  [4] 
and  the  influences  based  on  a  basicity  elimination  in  position  8  (N'-trimethylLys  was 
used  instead  of  the  traditional  Arg  or  N*-iPrLys).  The  more  hydrophobic  residue  D- 
Trp  compared  with  D-Tyr  in  position  6  with  a  positively  charged  residue  (MePal)  in 
position  S  enhances  AO  activity  but  no  reduction  in  histamine  release  is  obtained 
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(entry  6).  There  is  a  loss  of  AO  activity  by  substituting  Arg  for  iPrLys  in  position 
8  with  MePal5  and  D-Trp6  (entries  6  and  7).  Our  data  suggest  a  strong  preference  for 
a  single  positive  charge  in  either  position  5  or  6.  The  trials  to  pose  two  positive 
charges  in  positions  5  and  6  caused  a  big  drop  in  AO  activity  (entries  8  and  9). 

Abbreviation:  AO,  antiovulatory;  Cpa,  3-(4'-chlorophenyl)alanyl;  HR,  histamine 
release;  iPrLys,  NE-isopropyllysyl;  LHRH,  luteinizing  hormone  releasing  hormone; 
MePal,  3-(r-methyl-3'-pyridyl)-D-alanyl;  Nal,  3-(l’-naphthyl)alanyl;  Pal,  3-(3'- 
pyridyl)-alanyl;  py,  pyridine. 
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In  the  last  two  decades  the  number  of  biologically  active  peptides  isolated  and 
sequenced  has  increased  dramatically.  Synthetic  peptides,  their  derivatives,  or  non¬ 
peptide  agonists  and  antagonists  have  been  used  for  radioreceptor  assays  and 

physiological  or  pharmacological  studies.  These  studies  have  provided  convincing  I 

evidence  that  actions  of  the  peptides  were  mediated  by  receptors  located  on  the  plasma 

membranes  of  target  cells.  Broadly  speaking  there  are  three  types  of  peptide 

receptors:  1)  ligand-gated  tyrosine  kinases  (e.g.,  the  receptors  for  insulin  or  nerve 

growth  factor);  2)  ligand-gated  guanylyl-cyclases  [1]  (e.g.,  the  atrial  natriuretic 

factor  receptor);  and  3)  G-protein  coupled  receptors.  The  first  two  types  of  receptors 

above  have  single  membrane  spanning  segments;  the  latter  type  has  multiple  . 

membrane  spanning  segments. 

There  are  three  families  of  receptors  that  operate  through  trimeric  G-proteins. 

(For  a  description  of  G-protein  diversity,  see  reference  2.)  Two  of  these  families  are 
relatively  small:  the  VIP/secretion  family  [3]  and  the  metabotropic  glutamate  family 
[4]  of  receptors.  The  third  family  of  G-protein  coupled  receptors  -  all  of  which  are 
structurally  related  to  opsins  -  is  very  large  [5].  To  date  no  peptide-gated  ion 

channels  analogous  to  the  nicotinic  cholinergic,  gamma-aminobutyric  acid  (GABA),  | 

or  N-methyl-D-aspartate  (NMD A)  receptors  have  been  discovered,  but  sooner  or  later 
such  a  receptor  may  be  found. 

I  shall  devote  the  remainder  of  this  short  review  to  a  description  of  the 
neurohypophysial  hormone  receptors,  because  this  will  allow  me  to  make  some 
remarks  about  the  properties  of  G-protein  coupled  receptors.  Mammals  typically 
have  two  posterior  pituitary  hormones:  Lysine-  or  arginine-vasopressin  and 

oxytocin.  (Thirteen  related  peptide  hormones  are  found  in  other  species  [6].)  These  ' 

hormones  are  made  by  brain  cells  and  released  into  the  bloodstream  to  act  on 

peripheral  organs.  In  addition  they  are  used  by  neurons  in  the  central  nervous  system 

as  neurotransmitters  and  by  certain  peripheral  cells  as  "paracrine"  mediators.  The 

actions  of  vasopressin  and  oxytocin  are  mediated  by  receptors  which  are  members  of 

the  opsin  receptor  superfamily. 

Mammals  have  three  types  of  vasopressin  receptors  (Via,  Vlb  and  V2)  and  at  | 

least  one  type  of  oxytocin  receptor.  Complementary  DNAs  encoding  each  of  these 
have  been  isolated  [7-1 1].  The  Via  receptor  is  responsible  for  vasopressin's  pressor 
(i.e.,  vasoconstricting)  effect  In  the  rat  large  numbers  of  Via  receptors  are  found  on 
hepatocytes  and  cause  glycogenolysis.  Via  receptors  are  also  found  in  several  areas 
of  the  central  nervous  system.  The  Vlb  receptor  is  present  on  ACTH-producing  cells 
in  the  anterior  pituitary.  Along  with  CRF,  vasopressin  elicits  ACTH  secretion. 

Oxytocin,  released  in  response  to  suckling,  causes  milk  let-down  in  the  breast.  It  is 
potent  in  contracting  uterine  smooth  muscle  as  well,  and  is  thought  to  be  important 
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in  parturition.  Activation  of  Via,  VI b,  or  oxytocin  receptors  triggers  a  cascade  of 
events  culminating  in  the  mobilization  of  intracellular  calcium  by  inositol  1,4,5- 
trisphosphate  and  the  activation  of  protein  kinase  C  (PKC)  by  diacylglycerol. 
Activation  of  intracellular  kinases  such  as  PKC  results  in  phosphorylation  of  diverse 
proteins  including  some  that  affect  gene  transcription  [12].  Thus,  calcium- 
mobilizing  receptors  have  both  short-  and  long-term  effects  on  cells. 

Stimulation  of  the  V2  receptor  activates  adenylate  cyclase  resulting  in  an 
increase  in  intracellular  cyclic  AMP.  In  cells  that  comprise  the  distal  collecting  ducts 
of  the  kidney  the  increased  cyclic  AMP  opens  a  pore  resulting  in  greater  reabsorption 
of  water.  This  effect  accounts  for  vasopressin's  other  name,  antidiuretic  hormone. 
People  who  inherit  a  defective  gene  for  the  V2  receptor  cannot  concentrate  their  urine. 
They  have  to  drink  large  volumes  of  water  to  make  up  for  this  handicap,  and  they 
have  a  high  risk  of  becoming  dehydrated  should  they  be  unable  to  obtain  or  drink 
enough  fluid.  Most,  if  not  all,  of  the  mutations  in  the  V2  receptor  gene  discovered 
thus  far  have  seriously  flawed  the  receptor  [13-16].  One  can  imagine,  however,  a 
mutation  that  alters  agonist  preference.  It  is  possible  that  a  "new"  agonist  could  be 
designed  for  such  a  receptor  and  used  to  treat  patients. 

While  the  primary  structures  of  many  receptors  are  now  known,  their 
conformations  are  not.  Bacterial  rhodopsin  has  served  as  a  model  for  these  receptors 
[17],  This  molecule  is  activated  by  photoisomerization  of  a  covalently  bound  retinal 
molecule  just  as  mammalian  opsins  are,  but  its  amino  acid  sequence  is  not  at  all 
similar  to  that  of  the  opsins.  Furthermore,  it  does  not  interact  with  a  G-protein. 
Therefore,  one  might  question  its  usefulness  as  a  structural  template  for  the  opsin 
related  receptors.  It  has  served  as  a  useful  first  approximation  however.  From  its 
two-dimensional  crystal  structure  people  have  inferred  that  the  G-protein  coupled 
receptors  should  have  seven  membrane-spanning  a-helical  segments.  In  the  case  of 
the  vasopressin  receptors,  the  last  five  transmembrane  domains  have  proline  and/or 
glycine  residues  which  interrupt  the  helices  in  which  they  are  found.  Viewed  from 
above  the  membrane  spanning  domains  are  tightly  packed  in  a  circle  or  crude  spiral 
and  form  a  central  cleft  that  includes  the  ligand  binding  domain.  In  the  cases  of  the 
ligands  examined  to  date,  residues  on  several  of  the  helices  participate  in  binding 
agonists.  (Antagonist  compounds,  especially  organic-chemical  peptide  antagonists, 
seem  to  bind  to  a  site  that  overlaps  but  is  not  identical  with  the  agonist  site). 

The  receptors  should  be  viewed  as  highly  dynamic  structures,  a-helical 
domains  oscillate  on  either  side  of  "hinge"  (proline  and  glycine)  residues.  Receptor 
occupancy  results  in  an  active  metastable  conformation  being  favored  over  an  inactive 
one.  How  this,  in  turn,  causes  the  G-protein  subunits  to  dissociate  from  one  another 
is  still  a  matter  of  speculation.  It  is  evident,  though,  that  the  cytoplasmic  loops  are 
the  sites  of  interaction  of  receptors  with  their  G-proteins.  In  particular,  the  third 
cytoplasmic  loop  seems  to  play  an  especially  important  role  in  defining  which  G- 
protein  a-subunit  the  receptors  will  bind.  Not  unexpectedly,  the  third  cytoplasmic 
loops  of  the  Via,  VI b,  and  oxytocin  receptors  are  quite  similar.  The  corresponding 
region  of  the  V2  receptor  is  structurally  different. 

Cell  lines  that  express  cloned  receptors  -  especially  human  receptors  -  have 
already  begun  to  be  used  by  scientists  in  pharmaceutical  companies  to  identify  novel 
peptide  agonists  and  antagonists.  Design  of  non-peptide  ligands  remains  rather 
empirical.  One  hopes  that  a  better  understanding  of  the  relationship  between  the 
structure  and  function  of  receptors  will  make  this  process  a  more  rational  one. 
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Detailed  information  on  the  interaction  of  ligands  and  receptors  is  a  prerequisite 
for  understanding  the  molecular  mechanisms  of  hormone  action.  While  peptide 
chemistry  has  provided  many  suitable  analogues  and  derivatives  of  hormones,  access 
to  receptors  has  been  limited.  Fortunately,  the  situation  is  changing.  Soluble 
insulin  receptor  ectodomain  (ED),  a-p'-JJ'-a,  which  contains  the  complete  a- 
subunit  and  truncated  extracellular  ^-subunit  [1],  has  already  become  available  in 
milligram  quantity.  Hence,  photoaffinity  labelling  can  be  carried  out  on  a  new  level, 
and  physical  studies  of  the  hormone-receptor  complex  under  reversible  conditions 
become  feasible.  With  ED,  we  could  recently  identify  a  second  insulin  binding 
domain  of  the  receptor  [2].  We  now  report  on  two  novel  photoreactive  insulins  as 
well  as  spin-labelled  analogues  [3]  and  their  application  to  probe  the  ED  under 
irreversible  and  reversible  conditions. 

Results  and  Discussion 

Photoaffinity  labelling.  Since  aryl  azides,  which  are  generally  used  to  label 
peptide  hormones  [4],  give  only  moderate  incorporation  into  receptors,  we  are 
currently  testing  perfluorinated  aryl  azides  [3]  and  recently  4-benzoylphenylalanine 
(Bpa),  for  which  encouraging  labelling  of  the  complete  insulin-receptor  has  been 
reported  [5],  The  photoreactive  analogues  were  prepared  by  enzyme-catalyzed 
incorporation  of  Bpa-amide  into  position  B30  of  insulin  (PI)  and  B26  of  des-(B27- 
B30)-insulin  (P2).  They  are  homogeneous  in  RP-HPLC  and  exhibit  binding 
affinities  to  IM-9  lymphocyte  receptors  of  60%  (PI)  and  47%  (P2).  Both  labelled 
ED  specifically.  UV-induced  incorporation  of  PI  into  ED  yielded  up  to  35%  of  the 
covalent  complex.  Because  the  photo-activatable  group  is  located  very  closely  to  the 
postulated  binding  region  of  the  insulin  receptor  [6],  P2  appears  to  be  an  active  site 
label  useful  for  binding  site  analysis. 

Spin  labelling.  Electron  spin  resonance  (ESR)  spectroscopy  directly  detects  the 
presence  of  free  radicals  and  gives  information  on  the  structure  and  motional 
dynamics  at  the  site  of  one  or  more  unpaired  electrons  [7],  Stable  organic  nitroxide 
radicals,  which  are  used  as  reporter  groups  for  biomolecules,  give  a  spectrum 
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showing  3  sharp,  well  resolved  hyperfine  lines.  It  is  very  sensitive  to 
immobilization,  which  results  in  characteristic  line-broadening.  The  powerful 
method  has  so  far  found  little  application  with  peptide  hormones.  The  interaction  of 
spin-labelled  EGF  and  its  receptor  has  recently  been  studied  [8]. 

We  have  prepared  two  spin  labelled  insulins  with  the  2,2,5,5-tetramethyl-3- 
carboxy-pyrrolidine-l-oxyl  residue  in  position  B1  or  B29  (Figure  1  Bl,  B29)  via  N- 
protected  insulin  intermediates.  The  shortened  analogue  B25,  lacking  amino  acids 
B26-B30,  contains  a  C-terminal  2,2,6,6-tetramethyl-4-amino-piperidine-l-oxyl 
residue.  It  was  obtained  by  trypsin-catalyzed  semisynthesis.  The  ESR  spectra  are 
shown  in  Figure  1.  Characteristic  differences  in  the  high-field  bands  and  different 
rotational  correlations  times  tR  indicate  that  the  spin  label  is  subject  to  partial 
immobilization,  which  is  most  pronounced  for  Bl,  intermediate  for  B25,  and  least 
for  B29. 
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The  interaction  of  two  spin  labelled  insulins,  B1  and  B25,  and  ED  was  studied 
by  ESR  spectroscopy  at  pH  7.8  and  concentrations  of  10~5  M  ligand  in  a  series  of 
preliminary  experiments.  The  spectral  changes  observed  were  different  for  the  two 
insulins.  The  relative  rotational  correlation  times,  corrected  for  the  increase  of 
molecular  mass  due  to  binding  to  the  receptor  (MW  approx.  350,000),  was  not 
significantly  different  for  free  and  receptor-bound  Bl.  Thus,  if  any,  there  appears  to 
be  only  little  involvement  of  position  Bl  in  receptor  contacts.  In  contrast,  the 
corresponding  values  for  B25  were  3.5  ns  for  free,  and  5.2  ns  for  bound  insulin. 
This  reflects  a  specific  immobilization  of  the  label  and  thus  indicates  a  more 
intensive  receptor  interaction  at  this  site.  The  signals  observed  were  reversible,  i.e. 
increasing  amounts  of  non-labelled  insulin  abolished  the  spectral  differences  and 
regenerated  the  spectrum  of  free  B25. 

Although  as  yet  preliminary,  the  results  show  that  spin-labelling  and  ESR 
spectroscopy  can  yield  valuable  information  on  insulin  binding  to  its  receptor.  The 
specific  immobilization  with  B25,  but  not  Bl,  would  be  in  line  with  the  hypothesis 
[6]  that  the  B24-B25  region  interacts  with  the  receptor.  This  is  confirmed  by  the 
photoaffmity  labelling  experiments.  Our  ESR  findings  are  a  first  direct 
demonstration  of  site-specific  interactions  within  the  reversible  insulin/receptor 
complex. 
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Introduction 

Reversible  protein  phosphorylation  on  serine,  threonine  and  tyrosine  by  protein 
kinases  and  phosphatases  is  widely  accepted  as  a  principal  mechanism  by  which 
eukaryotic  cells  respond  to  extracellular  signals  [1].  Several  aquatic  compounds, 
including  okadaic  acid  (OA)  polyether  fatty  acids  and  microcystin/nodularin  cyclic 
peptide  hepatotoxins,  have  been  identified  that  are  potent  and  specific  inhibitors  of 
the  catalytic  subunits  of  type-1  and  -2A  protein  phosphatases  (PP-lc  and  PP-2Ac), 
two  of  the  major  serine/threonine  PPases  in  eukaryotes  [2-5],  OA  and  the 
microcystins  are  powerful  tumor  promoters,  although  the  molecular  mechanism 
underlying  this  effect  is  unknown  [6, 7],  The  chemical  feature  that  characterises  the 
heptapeptide  microcystins  and  pentapeptide  nodularins  is  the  presence  of  an  unusual 
C20  P-amino  acid  Adda  ([2S,  3S,  8S,  9S]-3-amino-9-methoxy-2,6,8-trimethyl-10- 
phenyldeca-4,6-dienoic  acid)  [8].  Most  microcystins  differ  in  the  nature  of  two 
variable  L-amino  acids  indicated  by  suffix  letters  (i.e.,  L=leucine,  R=arginine)  and  in 
the  absence  of  methyl  goups  on  D-erythro-P-methyl  aspartic  acid  (D-MeAsp)  and/or 
N-methyldehydroalanine  (Mdha)  residues  [9]. 

Results  and  Discussion 

A  sensitive  liquid  chromatography  (LC)/capillaiy  electrophoresis  (CE)-linked 
PPase  bioassay  was  used  to  identify  and  isolate  six  new  microcystin-like  peptides 
from  freshwater  cyanobacteria  and  marine  sponges  (Table  1)  [10-12].  All  of  these 
peptides  are  potent  inhibitors  of  PP-lc/PP-2Ac  (ICjo=  0.06-0.4  nM)  and  as 
hydrophobic  as  OA,  based  on  reversed-phase  LC  elution  times.  The  predominant 
protein  hyperphosphorylated  in  rat-1  fibroblasts  in  response  to  microcystin-LR  was 
identified  as  a  23  kDa  phosphoseryl  protein  (PP23).  PP23  was  largely  unaffected  by 
OA  (a  100-fold  less  potent  PP-lc  inhibitor  than  microcystin-LR)  but  was  strongly 
hyperphosphorylated  in  these  cells  in  response  to  inhibitor- 1  peptide  (a  specific  PP- 
lc  inhibitor)  and  epidermal  growth  factor  (EGF,  Figure  1).  These  data  indicate  that 
PP23  is  a  potential  substrate  for  PP-lc  in  vivo  and  may  play  a  role  in  EGF- 
stimulated  signal  transduction  pathways. 
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Fig.  I.  Identification  of  a  23  kDa  phosphoseryl  protein  as  the  major  protein 
hyperphosphorylated  in  digitonin-permeabilised  rat-1  fibroblasts  in  response  to 
epidermal  growth  factor  (EGF)  and  microcystin-LR  (MCYS-LR).  Phosphorylation  and 
treatment  of  cells  with  EGF  and  MCYS-LR  was  carried  out  using  a  modified  protocol  from 
Eicholtz  et  al.  [14].  Rat- 1  fibroblasts  were  washed  in  permeabilisation  buffer  (PB) 
comprising:  KCl  (120  mM),  NaCl  (30  mM),  MgCl2(l  mM),  KH2PO4  ( 1  mM),  sodium 
PIPES  (10  mM,  pH  7.4),  EDTA  (I  mM),  CaCl2  (0.037  mM).  To  start  phosphorylation 
assays,  fibroblasts  were  incubated  with  PB  containing:  digitonin  (Sigma,  40  tiM),  y32P- 
ATP  (Amersham,  100  ud  per  gel  lane)  and  protease  inhibitor  cocktail  (PMSF,  1  mM; 
leupeptin,  20  ug/ml;  aprotinin,  20  ug/ml;  trypsin  inhibitor,  20  ug/ml,  benzamidine,  20 
mM).  Peptides/toxins  were  dissolved  in  dimethyl  fbrmamide.PB  (1:20)  and  incubated  with 
rat-1  fibroblasts  for  15  min  at  25°C.  Treated  cells  were  subjected  to  SDS-PAGE  (4-12% 
gradient  gels  autoradiographed  using  Kodak  X-OMAT  film)  to  reveal  32P-radiolabelled 
proteins.  Lane  1  is  a  control  without  toxin/EGF,  lanes  2-5  and  6-9  represent  treatment 
with  increasing  concentrations  of  two  different  preparations  of  EGF  (Collaborative 
Research),  lanes  10  and  11  represent  treatment  with  MCYS-LR.  Extraction  and  partial 
amino  acid  analysis  of  hyperphosphorylated  gel  proteins  was  carried  out  as  described  in 
Hay  stead  etaL  [  13]. 
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Table  1  Structures  of  novel  hydrophobic  cyclic  peptide  toxins 


Peptide  Structure  ICjq  [nMJvs 

PP-lc 


Microcystin-LV  cyclo(D-Ala-L-Leu-D-MeAsp-L-Val-Adda-D-Glu-Mdha)  0.3 

Microcystin-LM  cyclo(D-Ala-L-Leu-D-MeAsp-L-Met-Adda-D-Glu-Mdha)  0. 1 

Microcystin-LL  cyclo(D-Ala-L-Leu-D-MeAsp-L-Leu-Adda-D-Glu-Mdha)  0. 1 

Microcystin-LF  cyclo(D-Ala-L-Leu-D-MeAsp-L-Phe-Adda-D-Glu-Mdha)  0.4 

Nodularin-V  cyclo(D-MeAsp-L-Va]-Adda-D-Glu-Mdha)  0.06 

Nodularin-I  cyclo(D-MeAsp-L-Ile-Adda-D-Ghi-Mdha)  <0. 1 


1 


Using  a  combination  of  protein  purification  and  PCR  cloning,  PP-1  was  also 
identified  as  the  predominant  PPase  in  the  OA-producing  marine  dinoflagellate 
Prorocentrum  lima  and  overexpression  of  this  enzyme  may  allow  P.  lima  to  counter¬ 
balance  the  effects  of  a  powerful  tumor  promoter  (OA).  We  recently  established  for 
the  first  time  that  the  microcystins  are  prevalent  throughout  the  marine  environment. 
Increasing  evidence  suggests  that  many  cyanobacteria  and  dinoflagellates  combine  to 
produce  PPase  inhibitors  with  heterogeneous  potencies,  effective  against  signal 
transduction  pathways  in  higher  eukaryotes.  The  study  of  protein  kinases  and  PPases 
in  marine  eukaryotes  will  be  facilitated  by  a  novel  non-radioactive  CE-based  assay 
which  allows  resolution  of  phospho-  and  dephosphopeptides  in  crude  tissue  extracts. 
It  will  now  be  of  interest  to  examine  the  effects  of  microcystins  on  PP-1  activity  in 
marine  eukaryotes  and  to  identify  PP23  and  its  associated  protein  kinasefs). 
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Introduction 

Herpes  simplex  virus  (HSV)-encoded  ribonucleotide  reductase  (RR)  catalyzes 
the  conversion  of  ribonucleoside  diphosphates  into  the  corresponding  2'-deoxy 
derivatives  required  for  viral  DNA  synthesis.  HSV-RR  is  comprised  of  two  distinct 
homodimeric  subunits,  the  association  of  which  is  required  for  enzymatic  activity 
[1],  The  C-terminus  of  the  small  subunit  (R2)  is  known  to  play  a  critical  role  in 
this  association,  and  the  nonapeptide  H-Tyr-Ala-Gly-Ala-Val-Val-Asn-Asp-Leu-OH, 
which  corresponds  to  the  nine  C-terminal  amino  acids  of  the  small  subunit,  inhibits 
HSV  RR  with  an  IC50  of  38  pM  [2,  3].  This  nonapeptide  was  selective  for  HSV- 
RR  over  mammalian  RR  but  failed  to  inhibit  HSV  growth  in  tissue  culture.  We 
have  conducted  an  extensive  structure  activity  investigation  using  the  nonapeptide  as 
a  lead  in  the  hope  of  identifying  inhibitors  more  potent  against  HSV-RR  and  also 
effective  at  preventing  viral  replication  inside  the  cell. 

Results  and  Discussion 

The  relative  potency  of  the  inhibitors  is  evaluated  in  an  enzyme  assay  [4], 
which  directly  measures  the  ability  of  the  compounds  to  inhibit  the  conversion  of 
radiolabeled  CDP  to  dCDP,  and  a  solid  phase  competition  binding  assay  [5],  which 
measures  the  ability  of  the  compounds  to  compete  with  a  radiolabeled  tracer 
(inhibitor)  for  binding  to  immobilized  HSV-RR  large  subunit  (Rl).  The  binding 
assay  has  the  advantage  of  being  sensitive  for  compounds  having  IC$oS  greater  than 
0.001  pM  while  the  enzyme  assay  is  limited  to  compounds  having  IC50s  greater 
than  0.1  pM.  The  binding  assay  proved  crucial  for  the  ranking  of  the  potent 
inhibitors  shown  in  Table  1. 

The  four  N-terminal  amino  acids  of  the  nonapeptide  are  not  optimal  for 
inhibitory  potency  as  they  can  be  replaced  effectively  with  a  3-phenylpropionyl 
group.  The  resulting  inhibitor  (compound  1)  is  five  times  more  potent  than  the 
nonapeptide  (IC^  =  25  pM  in  our  binding  assay).  One  of  the  most  significant 
increases  in  inhibitor  potency  is  obtained  by  alkylating  the  asparagine  side  chain 
nitrogen  (cf.  compound  1  and  2).  The  best  substitution  we  have  found  so  far,  i.e., 
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replacing  the  NH2  with  a  pyrrolidine,  boosts  activity  more  than  a  hundred  times. 
Compound  2  is  shown  as  a  point  of  reference  to  illustrate  the  effect  of  individually 
incorporating  what  we  have  so  far  found  to  be  the  best  substitutions  at  each  of  the 
other  four  amino  acid  positions  (see  compounds  3  to  7). 

Table  1  Ribonucleotide  reductase  inhibitors  -  structure  activity 


Compound 


rc50 

Binding  Assay 
(UM) 


K50 

Cell  Culture 
Assay 

HSV-2  HSV-1 
(UM) 


5 

0.034 

0.010 

0.005 

0.002 

0.006 

0.043 


BI-LD-598 


BI-LD-733 


0.0002 


0.0004 


120  120 


50  35 
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Although  compounds  2  to  7  all  have  low  nanomolar  potencies,  none  were 
effective  at  inhibiting  viral  replication  in  tissue  culture  at  concentrations  below  1000 
pM.  However,  when  all  of  the  optimized  modifications  were  combined  into  one 
molecule  (BI-LD-598),  we  obtained  the  first  subunit  association  inhibitor  to  have 
efficacy  in  tissue  culture.  BI-LD-S98,  which  has  subnanomolar  activity  in  the 
binding  assay,  inhibits  the  growth  of  both  HSV-1  and  HSV-2  in  serum  starved  BHK 
cells  (ECjo  =  120  pM).  Tissue  culture  efficacy  can  be  improved  by  reducing  the  C- 
terminal  carboxyl  to  an  alcohol  (cf.  BI-LD-S98  and  733).  Although  this 
modification  lowers  inhibitor  potency  in  the  binding  assay  (cf.  compound  6  and  7),  it 
seems  reasonable  that  the  decreased  hydrophilicity  of  BI-LD-733  favors  cell 
penetration  and  consequently  tissue  culture  efficacy. 

In  order  to  provide  support  that  HSV  RR  is  inhibited  inside  the  cell,  we 
developed  an  assay  to  measure  the  ability  of  our  compounds  to  lower  the  pools  of 
deoxyribonucleotides  in  virally  infected  serum  starved  BHK  cells  [6].  Of  the 
compounds  shown  in  the  table,  only  BI-LD-598  and  733  effectively  lower  the 
deoxyribonucleotide  pools.  These  compounds  reduce  the  concentration  of  dATP, 
dCTP,  and  dGTP  by  50%  at  a  concentration  of  ~32  pM  and  ~7  pM  respectively. 
Antiviral  activity  is  thus  associated  with  a  reduction  of  deoxyribonucleotides  inside 
the  cell. 

In  conclusion,  compounds  BI-LD-598  and  733  are  greater  than  50,000  times 
more  potent  than  the  lead  nonapeptide  and  more  than  100  times  more  effective  at 
binding  to  the  large  subunit  of  HSV-RR  than  the  natural  ligand,  the  small  subunit. 
These  compounds  inhibit  viral  replication  in  tissue  culture  and  in  addition  do  not 
inhibit  human  ribonucleotide  reductase  at  concentrations  up  to  1000  pM.  We  believe 
that  the  discovery  of  these  compounds  constitutes  an  important  step  towards  the 
development  of  novel  and  selective  antiherpetic  drugs. 
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Introduction 

Gelatinase-A  and  gelatinase-B  are  members  of  the  matrix  metalloproteinase 
family  of  enzymes  [1]  which  includes  the  collagenases,  stromelysins  and  matrilysin. 
We  and  others  [2]  have  been  able  to  show  by  in  situ  hybridisation  experiments  using 
radiolabelled  oligonucleotide  probes  specific  for  gelatinase  mRNA  that  the  gelatinase 
gene  is  turned  on  in  the  vicinity  of  many  tumour  tissues.  When  sections  of  tissue 
surgically  removed  from  human  breast  cancer  patients  are  subjected  to 
immunohistochemistry  using  a  gelatinase-A  specific  monoclonal  antibody  the 
staining  patterns  reveal  increasing  amounts  of  gelatinase-A  according  to  the  severity 
of  disease.  Examination  of  cytosols  generated  from  such  tumour  tissue  on  a 
substrate  gel  shows  that  the  active  forms  of  both  gelatinase-A  and  B  are  present.  In 
addition,  we  have  carried  out  a  series  of  experiments  in  vivo  with  C127  cells  which 
have  been  transfected  with  the  gelatinase-A  gene  and  selected  for  their  ability  to 
secrete  gelatinase-A  [3].  When  these  cells  are  injected  into  Balb/C  nu/nu  mice  and 
the  mice  examined  for  the  presence  of  lung  nodules  four  weeks  later,  a  direct 
correlation  between  numbers  of  nodules  and  amounts  of  gelatinase  secreted  is 
observed.  Cl 27  cells  transfected  with  vectors  alone  or  collagenase  and  stromelysin 
genes  produced  only  background  levels  of  lung  nodules.  All  of  this  constitutes 
evidence  for  the  involvement  of  gelatinase-A  in  the  process  of  tumour  metastasis  and 
selective  inhibitors  may  offer  therapeutic  potential  in  preventing  this  process. 

Results  and  Discussion 

Having  access  to  a  panel  of  the  pure  human  forms  of  gelatinase-A,  stromelysin 
and  collagenase  has  allowed  us  to  examine  a  series  of  hydroxamic  acid  derivatives  for 
their  potency  and  selectivity  in  vitro.  Optimisation  of  a  series  containing  isobutyl  in 
the  P('  position  led  to  potent  inhibitors  such  as  1  which  lacked  selectivity.  Based  on 
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substrate  knowledge  [4]  we  then  introduced  an  aromatic  residue  into  the  Pt'  position, 
optimisation  of  which  led  to  the  highly  potent  and  selective  phenyl  propyl  analogue 

2.  The  P3'  position  tolerates  a  wide  range  of  substituents  but  variations  which 
culminated  in  the  arylsulphonamide  series  proved  to  be  particularly  interesting  as  in 

3.  We  then  returned  to  the  Pt'  group  for  a  fine  tuning  exercise  of  which  4  and  5  are 
examples  with  Kj's  against  gelatinase-A  of  <  0.010  nM  and  selectivities  over 
collagenase  of  up  to  80,000.  The  majority  of  these  analogues  were  synthesised  via 
the  Evan’s  chiral  auxiliary  [S]  route  which  is  illustrated  for  the  synthesis  of  2.  Thus 
formation  of  the  desired  chiral  auxiliary  derivative  followed  by  deprotonation  with 
sodiumhexamethyldisilylazide  and  alkylation  with  t-butylbromoacetate  gave 
exclusively  the  diastereoisomer  shown  as  measured  by  NMR.  Removal  of  the  chiral 
auxiliary  with  lithium  hydroperoxide  gave  the  optically  pure  carboxylic  acid.  Standard 
peptide  coupling  followed  by  cleavage  of  the  t-butyl  group  afforded  the  carboxylic 
acid.  The  best  results  for  formation  of  the  hydroxamic  acid  were  obtained  with 
ethylchloroformate  as  activating  agent  and  trimethylsilylhydroxylamine.  The 
carboxylic  acid  intermediates  shown  are  also  potent  inhibitors,  for  example,  the 
carboxylic  acid  corresponding  to  4  has  a  potency  of  1  nM  vs.  gelatinase-A  and 
comparable  selectivity  figures  to  the  hydroxamic  acid. 


P  y 
P  ^xr- 
P  ^xr- 


SAR't  of  HYDROXAMIC  ACID 
INHIBITORS. 

Kin  nM  (rotative  activity) 


GL-A 

SL 

CL 

0.33(1) 

25.3(76) 

7.8(236) 

0.062(1) 

6.3(134) 

203(3270) 

0.025(1) 

592(237) 

150(6000) 

< 0.010(1 ) 

2.96(296) 

329(32900) 

< 0.010(1 ) 

1.06(106) 

790(79000) 

a 

/° 

^OCH, 


Early  analogues  appeared  to  have  poor  pharmacokinetics  when  examined  for 
their  ability  to  inhibit  the  formation  of  lung  nodules  induced  by  gelatinase-A 
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secreting  C127  cells  in  Balb/C  nu/nu.  mice.  However,  members  of  the 
arylsulphonamide  series  possessed  good  half  lives  at  4  mg/kg  i.v.  in  normal  mice. 


A  range  of  analogues  have  been  evaluated  in  a  simple  model  which  assesses  the 
inhibition  of  gelatinase-A  in  vivo.  The  duration  of  action  of  the  sulphonamide 
derivatives  has  been  confirmed  and  we  have  recently  optimised  the  above  series  to 
obtain  orally  active  analogues.  In  a  syngeneic  model  of  tumour  metastasis  in  mice, 
inhibition  of  the  formation  of  lung  nodules  was  observed  with  selected  inhibitors 
both  i.v.  and  orally. 

We  have  demonstrated  that  gelatinase  is  a  key  enzyme  in  the  process  of  tumour 
metastasis  and  have  identified  the  structural  requirements  for  potent  and  selective 
inhibitors.  Several  inhibitors  were  efficacious  in  animal  models  of  metastasis,  some 
possessing  good  duration  of  action  and  oral  bioavailability. 
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Introduction 

The  conformationally  constrained  analogues  cyclo-S,S-[Ac-Cys-Arg-Gly-Asp- 
Pen]-NH2,  2  and  cyclo-S,S-[Mba-Arg-Gly-Asp-Man],  3,  (Mba/Man  =  2- 
mercaptobenzoyl/2-mercaptoaniline  disulfide)  have  been  described  as  potent  platelet 
aggregation  inhibitors  and  fibrinogen  receptor  antagonists  [1,  2],  The  ten  fold 
enhancement  in  potency  and  receptor  affinity  associated  with  replacing  (Na-Me)Arg 
for  Arg  as  in  cyclo-S,S-fAc-Cys-(Na-Me)Arg-Gly-Asp-Pen]-NH2, 4  (SK&F  106760) 
and  cyclo-S,S-[Mba-(N°-Me)Arg-Gly-Asp-Man],  5  (SK&F  107260),  directed  our 
attention  to  investigate  the  effect  of  other  Na-substituents  on  Arg,  and  other  amino 
acids  within  the  cyclic  structure,  on  platelet  aggregation  inhibition  potency  and 
receptor  affinity. 

Results  and  Discussion 

We  have  generated  potent  fibrinogen  (Fg)  receptor  antagonists  from  a  small 
linear  peptide,  Ac-RGDS-NH2  1,  by  utilizing  conformational  constraints  and 
increasing  lipophilicity,  through  enclosing  -RGD-  into  a  cyclic  disulfide  bearing  the 
Ac-Cys/Pen-NH2  tether  to  give  2,  and  substituting  the  Mba/Man  tether  for  the  Ac- 
Cys/Pen-NH2  tether  in  2  to  give  3,  Table  1.  Substituting  (N“-Me)Arg  for  Arg  gave 
rise  to  analogues  4  and  5,  with  significant  enhancement  in  platelet  aggregation 
inhibition  (potency)  and  Fg  receptor  antagonist  (affinity).  The  effect  of  alpha  amine 
methylation  on  potency  has  also  been  examined  for  Gly  and  Asp  within  the 
framework  of  the  cyclic  peptide  2.  The  corresponding  (N“-Me)Gly  and  (N“-Me)Asp 
peptides  6  and  7  displayed  decreased  activity  compared  to  2.  Similar  modification  on 
peptide  4  gave  10  and  II  with  drastic  loss  of  potency  and  affinity  compared  to  4. 
These  results  indicate  that,  contrary  to  the  Arg  residue,  N°-methylation  on  Gly  or 
Asp  is  unfavorable.  These  substitutions  may  impose  an  undesirable  influence  upon 
peptide  conformation,  may  promote  unfavorable  receptor  interaction  or  eliminate  a 
favorable  hydrogen  bond  interaction.  The  probable  solution  conformations  of  4  have 
been  determined  by  'H  NMR  and  molecular  modeling  [3].  The  conformation 
determined  for  Gly  and  Asp  in  4  fall  within  the  manifold  of  conformations  of 
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(Na-Me)  amino  acid  residues  in  peptides  [4].  Thus,  N“-methylation  of  these  residues 
may  not  perturb  conformation.  Instead,  N“-methylation  of  Gly  or  Asp  in  4  may 
introduce  a  negative  steric  interaction,  or  loss  of  a  favorable  receptor  interaction.  The 
role  of  the  N“-methyl  group  on  Arg  was  probed  with  the  (N“-Et)  analogue  8  and  the 
(N“-Bzl)  analogue  9.  Peptide  8  displayed  enhanced  potency  over  2  and  comparable 
potency  to  4,  while  9  displayed  diminished  potency  relative  to  4  or  8  and 


Table  1  Structure  activity  of  Nasubstituted  amino  acid  modifications  in  peptides  2 
and  3 


PULAgg. 

Binding 

No. 

ICjo  (pM)» 

KiQiM)*> 

Kj  OiMf 

1 

Ac-RGOS-NH2 

91.3±0.1 

4.2 

3710.28 

2 

cyclo(S.SHAc-CRGI>-Pen]-NH2 

4.12±0.6 

- 

3 

cydo(S,SMMba-RGI>-M*n) 

0.29±0.09 

0.027 

- 

4 

cyclo(S.SMAc-C(Na-Me)RGD-Pen]-NH2 
(SK&F  106760) 

O.36±0.O4 

0.05810.02 

0.17510.025 

5 

cyclo(S,SHMba-(Na-Me)RGD-Man] 

(SK&F  107260) 

0.0910.02 

0.002110.006 

0.00410.0002 

6 

cyclo(SIS)-[Ac-CR(N0-Me)GD-Pen]-NH2 

73.418.2 

- 

1.2510.061 

7 

cydo(S,SHAc-CRG(Na-Me)D-Penl-NH2 

I36.7i21.9 

-- 

25.311.2 

8 

cydo(S,SHAc-C(Na-Et)RGD-Pen]-NH2 

0.910.15 

0.065 

- 

9 

cyclo(S.SHAc-C(N0-Bzl)RGD-Pen)-NH2 

7.7411.78 

>100 

6.3810.1 

10 

cyclo(S,S>[Ac-C(Na-Me)R(Na-Me)GD-Pen]-NH2 

39.510.0 

- 

15. 110.62 

11 

cydo(S^HAc-C(N“-Mc)RG(NB-Me)D-Pen]-NH2 

23.4±8.7 

- 

7.0410.03 

12 

cydo(S,SHAc-CGRGD-Pen]-NH2 

11.412.0 

0.6H0.13 

3.7910.02 

13 

cyclo(S,S)-[Ac-C(N“-Me)GRGD-PWi]-NH2 

1.210.71 

O.O77±0.O 

0.74010.005 

14 

cydo(S.S)-[Ac-CG(N0-Me)RGD-Peii]-NH2 

0.36±0.05 

- 

0.13510.015 

15 

cyclo(S,SHAc-C(N“-MeXJ(Na-Me)RGD-Penl-NH2 

0.1 510.03 

0.0210.01 

0.01710.001 

16 

cyclo(S,SHAc-C(Na-Bri)G(N“-Me)RGD-Penl-NH2 

0.2910.06 

0.4310.059 

0.05210.006 

17 

cydo(S.SHAc-CP(N“-Me)RGD-Pen]-NH2 

24.4i9.81 

>10 

15.4512.3 

18 

cyclo(S^HMba-(Na-Me)GRGD-Man] 

3.46ll.l 

0.14310.072 

- 

19 

cydo(S^HMba-(N“-MeX3(Na-Me)RGD-Man] 

0.10210.043 

0.024510.006 

- 

20 

cyclo(S3HMba-P(N“-Me)RGD-Man] 

1.0110.44 

- 

0.8210.03 

*  Inhibition  of  platelet  aggregation  in  canine  platelet-rich  plasma  induced  by  AOP. 
Inhibition  of  ,2SI  fibrinogen  binding  to  purified  GPIIb/IIIa  isolated  from  human 
platelets,  reconstituted  in  liposomes,  no  statistical  limits  indicate  only  one 
determination. 

c  Inhibition  of  3H-SK&F  107260  binding  to  purified  GPIIb/IIIa. 
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comparable  to  2.  Thus,  a  certain  degree  of  steric  bulk  in  the  Na-substituent  on  Arg 
can  be  tolerated  by  the  receptor.  The  solution  conformations  of  4  and  5  [3]  do  not 
support  the  promotion  of  a  cis-amide  by  the  N“-Me  group  since  neither  displayed  a 
cis-amide.  The  conformations  of  4  and  5  do  suggest  that  the  Na-Me  group  adds 
conformational  constraint  to  these  molecules.  The  methylation  of  Arg  could  enhance 
potency  furthermore,  by  removing  an  unfavorable  receptor  interaction  or  introducing 
a  favorable  receptor  interaction  arising  from:  a)  increasing  the  electronegativity  of  the 
amide  oxygen  or  b)  promoting  a  positive  lipophilic  receptor  interaction. 

In  our  initial  search  the  cyclic  hexapeptide  12  displayed  activity  comparable  to 
the  pentapeptide  2.  We  examined  the  effect  of  Na-alkylation  on  the  intercalated 
amino  acid  in  12.  The  (N“-Me)Gly  13  displayed  enhanced  potency  and  affinity 
relative  to  12  or  2.  The  (N“-  Me)Arg  peptide  14,  displayed  enhanced  potency  over 
12  and  13,  and  comparable  potency  to  4.  The  doubly  N“-methylated  peptide  15, 
displayed  superior  activity  to  either  13  or  14.  The  (N“-benzyl)Gly  peptide  16 
displayed  no  drastic  loss,  however  the  Pro  analogue  17  produced  a  dramatic  loss  in 
potency.  A  similar  intercalation  was  carried  out  in  3  and  5  to  give  18-20  with  a 
drop  of  activity  in  18  and  20  and  no  dramatic  loss  in  19,  despite  decrease  in  receptor 
affinity  relative  to  5.  These  results  indicate  that  the  enhancement  of  potency 
obtained  by  N“-methylation  is  dependent  on  the  specific  amino  acid  (Arg)  and  not  on 
its  position  in  the  sequence  or  the  size  of  the  ring. 

In  conclusion,  the  importance  of  an  (N“-Me)Arg  in  the  cyclic  -RGD-peptides  to 
Fg-receptor  antagonist  and  inhibition  of  platelet  aggregation  activity  has  been 
demonstrated. 

References 

1 .  Samanen,  J.M.,  Ali,  F.E.,  Romoff,  T.,  Calvo,  R.,  Sorenson,  E.,  Vasko,  J.,  Storer, 
B.,  Berry,  D.,  Bennett,  D.,  Strohsacker,  M„  Powers,  D.,  Stadel,  J.  and  Nichols,  A., 
J.  Med.  Chem.,  34  (1991)  3114. 

2.  Ali,  F.E.,  Samanen,  J.M.,  Calvo,  R.,  Romoff,  T„  Yellin,  T.,  Vasko,  J.,  Powers,  D., 
Stadel,  J.,  Bennett,  D.,  Berry,  D.  and  Nichols,  A.,  In  Smith,  J.A.  and  Rivier,  J.E. 
(Eds.),  Peptides:  Chemistry  and  Biology,  Escim,  Leiden,  The  Netherlands,  1992, 
p.761. 

3.  Kopple,  K.D.,  Baures,  P.W.,  Bean,  J.W.,  D'Ambrosio,  C.A.,  Peishoff,  C.E.  and 
Eggleston,  D.S.,  J.  Am.  Chem.  Soc.,  114  (1992)  9615. 

4.  Manavalan,  P.  and  Momany,  F.,  Biopolymers,  19  (1980)  1943. 


Inhibition  of  Interleukin- 1(3  converting  enzyme  by 
peptide  derivatives 


I.  Fauszt,  E.  Szlll,  K.  Nemeth,  M.  Patthy  and  S.  Bajusz 

Institute  for  Drug  Research,  P.O.  Box  82,  H-1325  Budapest,  Hungary 


Introduction 

Interleukin- ip  (IL-lp)-con verting  enzyme  (ICE)  has  been  identified  [1]  as  a 
cysteine  protease  which  cleaves  the  IL-lp  precursor  (pIL-lp)  at  Aspll6-Ala117  to 
yield  mature  IL-18,  an  important  mediator  of  inflammation.  ICE  also  cleaves  pIL-lp 
at  Asp27-Gly28. 


r - IL-10 - , 

pEL-l{):  Met-... -Ala- Asp- i-Gly-Pro-... -His- Asp- Ala-Pro . -Ser 

1  27  28  116  117  269 

To  develop  reversible  inhibitors  for  ICE,  peptide  aldehydes  and  peptide 
substrates  having  the  scissile  bond  as  keto-methylene  isostere  were  derived  from  the 
ICE  cleavage  sites.  Trans-epoxysuccinyl  (Eps)  peptides,  analogues  of  E-64  (Eps- 
Leu-Agm),  were  prepared  to  find  irreversible  inhibitors  of  ICE. 

Results  and  Discussion 

Compounds  involved  in  this  study  are  listed  in  Table  1 .  Peptide  aldehydes  1-4 
were  prepared  by  stepwise  elongation  of  P-tert-buty  1-L-aspart- 1  -al  semi-carbazone, 
Asp(0‘Bu)SC,  followed  by  successive  removal  of  the  SC  and  tBu.  (An  alternative 
synthesis  of  an  analogous  peptidyl  L-aspart-l-al  has  been  published  recently  [2].)  For 
the  synthesis  of  substrate  analogues  5  and  6  the  key  intermediate,  Z-Asp(OtBu)kGly 
was  prepared  analogously  to  [3],  Eps  peptides  7-9  were  obtained  by  stepwise 
elongation. 

ICE  inhibiting  activity  of  the  peptides  was  determined  on  THP,  cells  stimulated 
by  LPS  and  silica.  The  release  of  IL-ip  from  the  cells  was  measured  by  ELISA. 

It  has  long  been  known  that  peptide  aldehydes  are  reversible  inhibitors  of  serine 
and  cysteine  proteases  [4],  and  that  potent  and  selective  aldehyde  inhibitors  can  be 
constructed  for  such  proteases,  e.g.,  thrombin,  from  the  P„-Pi  portions  of  their 
native  substrates  [5],  In  view  of  these  findings  tri peptide  aldehyde  1  and  pentapeptide 
aldehydes  2-4  were  derived  from  the  IL-ip  fragments  P3-P|  and  P5-P1,  respectively. 
Of  these  2  was  the  most  inhibitory  indicating  the  significance  of  residues  P4  and  P5 
and  that  of  His  at  P2. 

Substrate  analogues  5  and  6  were  less  inhibitory  than  the  aldehydes.  Thus  the 
presence  of  P1-P4'  does  not  seem  to  help  the  binding  of  5  and/or  the  keto-methylene 
isostere  group  may  be  less  reactive  than  the  aldehyde. 
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E-64,  Eps-Leu-Agm,  is  an  irreversible  inhibitor  of  most  cysteine  proteases  and 
seems  highly  specific  for  this  class  of  enzymes  [6].  ICE  showed  resistance  to  E-64, 
which  was  explained  by  its  unique  substrate  specificity  [1].  To  obtain  ICE- 
inhibiting  analogues  the  Leu  and  Agm  of  E-64  have  been  replaced  with  residues  of 
pIL-ip  in  consideration  of  the  possible  binding  modes  of  E-64.  It  is  very  likely  that 
the  Leu-Agm  of  E-64  binds  to  the  Si'-Sj'  or  Sf-Sf  subsites  of  the  enzymes  [6]. 
Thus  Leu  and  Agm  as  substrate  subsites  correspond  to  P)'  and  P2'  or  P2'  and  P3\ 
respectively. 

Based  on  the  crystal  structure  of  E-64-papain  complex,  it  has  been  also 
supposed  that  E-64  occupies  the  S  sites  of  the  enzyme  [7].  To  comply  with  the  side 
chain  requirements  for  these  three  binding  modes  7,  8  and  9  have  been  prepared. 

Table  1  ICE  inhibitors  derived  from  Ps-P5'of  pIL-lfi 


No. 

Peptide  and  its  relation  to  pIL-lB  sequence 
Ala-Tyr-Val-His-Aspi-Ala-Pro-Val-Arg-Ser 

**5  ^4  ^3  **2  **1  **1'  **2  *Y  ^4  ^5 

ICE 

inhibition3 
IC50  pM 

% 

1 

Z-Val-His-Asp-H 

10 

2 

Eoc-Ala-Tyr-Val-His-Asp-H 

4 

- 

3 

Eoc-Ala-Tyr-Val-Ala-Asp-H 

7 

- 

4 

Eoc-Ala-Tyr-Val-Gly-Asp-H 

10 

- 

5 

Z-Tyr-Val-His-AspkGly-Pro-Val-Arg-NH2b 

400 

29 

6 

Ac-Tyr-VaI-Ala-AspkGly-NH-CHj 

- 

20 

7 

Eps-Ala-dcPro 

- 

NI 

8 

Eps-Pro-dcVal 

- 

NI 

9 

dcVaI<— Ala<-Eps 

- 

NI 

“Determined  on  THP,  cells  by  using  ELISA  for  measuring  IL-ip  release.  %  Inhibition  of 
peptides  at  10  pM.  NI,  no  inhibition. 

“Asp'Kjly,  keto-methylene  isostere  of  Asp-GIy;  Eps,  L-trans-epoxysuccinyl;  dcAA 
descaiboxy amino  acid;  reversed  direction  of  the  peptide  bond  (NH-CO).  Neither  of 

them  are  inhibitory,  which  may  indicate  that  ICE  is  not  a  cysteine  protease. 

Based  on  the  ICE  sensitive  region  of  pIL-ip  potent  peptide  aldehyde  inhibitors 
of  ICE  can  be  prepared,  e.g.,  Eoc-Ala-Tyr-Val-His-Asp-H  inhibits  IL-ip  release  from 
THP,  cells  with  an  ICjq  of  4  pM.  Substrate  analogues  having  the  scissile  bond  as 
keto  isostere  are  much  less  active.  E-64  analogues  derived  from  pIL- 1  p  are  inactive. 
This  latter  Ending  may  show  that  ICE  is  not  a  cysteine  protease  as  classified  [1,8], 
but  rather  a  serine  protease  which  contains  a  thiol  group  near  the  active  site  whose 
integrity  is  necessary  for  enzyme  activity.  In  our  opinion  this  view  is  supported  by 
recent  findings  [8]  that  ICE  contains  the  active-site  consensus  sequence  of  Ser 
proteases  (Gly-X-Ser-X-Gly)  at  287-291  as  well  as  a  nearby  thiol,  that  of  Cys285, 
which  is  sensitive  to  alkylation  by  peptidyl  diazoketone. 
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Introduction 

The  serine  protease  thrombin  is  an  important  component  of  the  blood 
coagulation  cascade.  Selective  thrombin  inhibitors  are  of  interest  as  anticoagulant 
drugs  for  the  treatment  and  prophylaxis  of  diseases  like  vein  thrombosis,  pulmonary 
embolism  and  arterial  thrombosis.  The  catalytic  site  of  thrombin  cleaves  peptide 
sequences  at  Arg-AA  bonds.  In  addition  thrombin  also  interacts  with  substrates  via  a 
so  called  anion  binding  exosite  which  is  distinct  from  the  active  site  and  is 
responsible  for  the  specificity  of  the  enzyme. 

Peptides  derived  from  the  C-terminus  of  hirudin  have  been  shown  to  inhibit 
thrombin  by  binding  to  the  non-catalytic  exosite  of  the  enzyme.  The  decapeptide 
hirudin^,  has  been  recognized  as  the  minimal  structural  unit  for  inhibitory  action 
in  earlier  studies  [1].  The  therapeutic  utility  of  presently  known  hirudin56  65 
derivatives  is  limited  by  low  "in  vivo"  activities  and  their  short  duration  of  action. 

Results  and  Discussion 

Based  on  the  3D-structure  of  the  thrombin-hirudin  complex  [2]  and  molecular 
modeling  methods,  various  series  of  N-acylated  decapeptide  analogs  of  hirudinj^j 

H-Phe-Glu-Glu-Ile-Pn>-Glu-Glu-Phe(4-0S03H>-Leu-Gln-0H 

were  synthesized.  In  the  course  of  this  work  variations  of  each  position  of  the  native 
sequence  have  beat  evaluated. 

Peptide  synthesis  was  carried  out  on  solid  supports  using  Boc-  or  Fmoc- 
chemistry.  Unnatural  amino  acids,  e.g.,  Boc-L-p-sulfomethy  1-phenylalanine  (Boc- 
Smp)  were  synthesized  via  alkylation  of  (2R)-(-)-2,5-dihydro-3,6-dimethoxy-2- 
isopropyl-pyrazine  [3]. 

Concentrating  first  on  position  63  (Table  1),  we  found  that  the  chemically 
labile  tyrosine-O-sulfate  can  be  replaced  by  4-sulfomethyl-phenylalanine.  This 
replacement  results  in  an  increase  of  inhibitory  potency  and  may  be  expected  to 
favourably  influence  the  kinetic  properties  of  the  corresponding  derivatives. 
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Table  1  Variations  of  position  63  (thrombin  time  assay) 


Suc-Phe-Glu-Glu-Ile-Pro-Glu-Glu-AA-Leu-Gln-OH  ECtoo  [|imol/l] 


Smp 

0.27 

Phe(4-OS03H) 

0.96 

Phe(4-COOH) 

1.08 

Phe(4-S03H) 

1.09 

TyrO-NOz) 

1.45 

Tyr 

5.64 

Thrombin  time  assay  (TT):  The  EC100-value  was  determined  as  concentration  of  test 
compound  leading  to  100%  prolongation  of  clotting  time  of  human  plasma  as  compared  to 
control. 


Further  optimization  confirmed  that  as  N- term  in  us  the  succinyl  group  Sue 
(des-amino-Asp)  is  a  good  choice.  Its  carboxylic  acid  function  forms  a  salt  bridge 
with  Arg,73  and  Lys,149  (A A,  =  AA  in  thrombin).  Tyr  in  position  56  forms  an 
additional  hydrogen  bond  to  the  thrombin  backbone  and  is  slightly  better  than  Phe 
which  only  interacts  with  Phe,34.  Replacement  of  lie  in  position  58  by  Pro,  Hyp 
or  Glu  gave  inhibitors  with  nearly  equal  potencies.  Whereas  Glu  is  able  to  form  a 
salt  bridge  to  Arg,77,  Pro  and  Hyp  lead  to  a  more  rigid  structure.  The  side  chains  of 
both  amino  acids  59  and  64  reach  into  the  same  hydrophobic  pocket;  combination  of 
He39  and  Cha64  gives  the  best  interactions.  Substitution  of  Pro  in  position  60  by 


Table  2  Comparison  of  LU  58463  with  known  antithrombotics  (exosite  and 
bifunctional  inhibitors) 


TT 

EC  100  [nmol/1] 

PA* 

IC50  [nmol/1] 

AVSb 

ED, 5  [mg/kg] 

ti/2c 

[min] 

LU  58463 

80 

67 

0.49 

57 

Hirugen  [5] 

5,100 

MDL  28050  [6] 

776 

348 

28.8 

r-Hirudin 

22 

2 

1.42 

35 

Hinilog-1  [7] 

110 

32 

2.38 

6 

“Platelet  aggregation  (PA)  was  measured  with  platelet-rich  human  plasma. 
bArteriovenous  shunt  model  (A VS):  Thrombus  formation  was  evoked  by  a  glass  capillary 
inserted  into  a  shunt  between  the  right  carotid  artery  and  left  jugular  vein  of  anaesthetized 
rats.  ED, 5  was  determined  as  the  dose  of  compound  required  to  cause  a  15  min 
prolongation  of  the  shunt  patency. 

cPlasma  concentration  after  intravenous  administration  (tI/2)  in  anaesthetized  rats  was 
determined  by  comparing  the  thrombin  time  of  venous  blood  drawn  at  different  time 
intervals  with  a  thrombin  time  standard  curve. 


593 


I 


- - 


H.E.J.  Bernard  et  al. 


Peptide  Inhibitors 


Hyp  leads  to  an  increase  in  potency  by  a  factor  of  about  5.  None  of  the  replacements 
investigated  at  positions  57,  61,  62,  65  resulted  in  compounds  more  potent 
than  the  native  sequence. 

By  combining  the  results  of  the  systematic  variation  of  each  position  of 
hirudin^j  we  were  led  to  the  synthesis  of 

Suc-Tyr-Glu-Pro-ne-Hyp-Glu-Glu-Smp-Cha-Gln-OH  LU  58463 

The  "in  vitro"  activity  of  LU  58463  in  the  thrombin  time  assay  is  in  the  same  range 
as  r-hirudin.  The  X-ray  structure  of  the  thrombin-LU  58463  complex  shows  that  the 
sulfonate  group  interacts  -  like  the  sulfate  in  hirugen  [4]  -  with  the  phenolic  group  of 
Tyrt76,  with  a  backbone  nitrogen  of  lie,82  and,  via  a  water  molecule,  with  the 
cartx)nyl  groups  of  Glnj80  and  Arg,77. 

Evaluation  of  LU  58463  in  several  animal  models  of  thrombosis  demonstrated 
its  high  activity  in  vivo.  The  biological  data  (Table  2)  indicate  that  this  newly 
developed  inhibitor  is  equipotent  or  superior  to  other  known  thrombin  inhibitors. 


Fig.  1.  Kinetics  of  LU  58463  and  r-hirudin  in  plasma  after  intravenous  administration  of 
I  mg/kg  to  anaesthetized  rats  (n  =  5). 
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Introduction 

HTV  protease  is  a  critical  enzyme  in  the  replication  cycle  of  the  human 
immunodeficiency  virus.  The  protease  is  responsible  for  the  posttranslational 
cleavage  of  the  gag  and  gag/pol  gene  products  which  are  the  precursors  to  structural 
proteins  pl7,  p24  and  p9/p6  which  make  up  the  virion  core,  and  the  enzymes  reverse 
transcriptase,  integrase,  and  the  protease  itself.  As  such,  virions  arising  from 
transfection  with  a  provirus  mutated  in  the  protease-coding  region  contained 
unprocessed  viral  proteins  and  were  non-infectious  [1].  The  crucial  role  of  this 
protease  in  the  processing  of  HTV  proteins  and  the  production  of  infective  virus 
particles  has  made  it  a  prime  target  for  drug  design  [2]. 

HIV-1  protease  is  a  99  amino  acid  residue  protein  which  assembles  into  a 
homodimeric  structure  [3],  Dimerization  of  the  protease  generates  the  catalytic  center 
of  the  enzyme  (containing  two  active  aspartate  residues)  and  also  the  substrate 
binding  pocket.  The  dimeric  nature  of  HIV-1  protease  offers  a  new  mode  of  enzyme 
inhibition  based  on  blocking  homodimer  assembly  or  disrupting  the  dimeric 
intraface. 

The  N-  and  C-terminal  regions  of  HTV-1  protease  are  the  main  area  of  dimeric 
overlap  within  the  protease.  These  sequences  interdigitate  to  form  a  four-stranded  13- 
sheet  structure  which  accounts  for  more  than  50%  of  the  interfacial  region  of  the 
dimeric  protease  (Figure  1). 

Results  and  Discussion 

Since  the  N-  and  C-terminal  sequences  of  HIV  protease  are  involved  in  dimer 
formation,  the  addition  of  peptides  corresponding  to  these  sequences  could  inhibit 
HIV  protease  by  interfering  with  dimerization.  We  evaluated  die  ability  of  peptides 
corresponding  to  the  N-  and  C-  termini  of  HTV-1  protease  (with  a  Ser  mutation  at 
residue  95)  to  inhibit  protease  activity  [4].  We  synthesized  peptides  1-3 
corresponding  to  the  last  4-6  amino  acid  residues  and  the  first  5-7  residues  of  HTV-1 
protease.  The  peptides  were  synthesized  by  a  solid  phase  procedure  using  the 
Merrifield  resin  modified  with  a  p-alkoxybenzylalcohol  linker  [5].  The  inhibitory 
effect  of  peptides  1-3  on  HTV-1  protease  activity  was  evaluated  using  a  fluorogenic 
substrate  assay  developed  by  Toth  and  Marshall  [6],  We  found  that  with  the  C- 
terminal  peptides  maximum  inhibition  was  observed  with  pentapepride  lb  (Table  1). 
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This  corresponds  well  with  the  C-terminal  region  involved  in  the  p- sheet  interface  of 
the  protease  which  spans  from  residue  99  to  95. 


Fig.  1.  The  four-stranded  p-sheet  structure  found  at  the  N-  and  C-termini  of  the  HIV 
protease  homodimer  (dashed  lines  indicate  interstrand  hydrogen  bonds). 

The  N-terminal  portion  of  HTV-1  protease  extending  from  residues  1  through  6 
forms  half  of  the  four-stranded  p -sheet  structure.  The  hexapeptide  2b  is  a 
significantly  better  inhibitor  than  the  shorter  pentapeptide  and  the  longer 
heptapeptide,  which  corresponds  well  with  the  maximum  length  N-terminal  sequence 
involved  in  the  P-sheet  structure  (Table  2).  We  have  also  explored  the  effect  of 
blocking  the  N-terminus  in  these  peptides,  which  is  involved  in  a  salt  bridge  with  the 
carboxylate  of  Phe(99)  in  the  homodimer.  As  expected,  there  was  a  small  decrease  in 
inhibition  with  peptides  3a  and  3b  but  the  hexapeptide  was  still  quite  active. 
Peptide  3c,  however,  had  improved  inhibition  upon  acetylation,  which  may  be  due  to 
H-bonding  interactions  between  the  acetyl-amide  and  C-terminal  carboxylate,  in 
addition  to  hydrophobic  interactions  with  the  Phe(99)  sidechain. 

Table  1  Inhibition  of  HIV- 1  protease  with  C-terminal  fragments  corresponding  to 
the  dimerization  interface  ofHIV-1  protease 


C-terminal  Peptides 

%  Inhibition* 

la 

AcNH-Thr-Leu-Asn-Phe-OH 

3.9 

lb 

AcNH-Ser-Thr-Leu-Asn-Phe-OH 

37.2 

lc 

AcNH-Gly-Ser-Thr-Leu-Asn-Phe-OH 

4.6 

•At  100  pM  concentration. 
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Table  2  Inhibition  of  HIV- 1  protease  with  N-terminal  fragments  corresponding  to 
the  dimerization  interface  of  HIV- 1  protease 


N-terminal  Peptides 

%  Inhibition* 

2a 

NH-Pro-Gln-lle-Thr-Leu-OH 

5.6 

2b 

NH-Pro-Gln-Ile-Thr-Leu-Trp-OH 

39.9 

2c 

NH-Pro-Gln-Ile-Thr-Leu-Trp-Gln-OH 

1.3 

3a 

AcN -Pro-Gln-I  le-Thr-Leu-OH 

-1.4 

3b 

AcN-Pro-Gln-lle-Thr-Leu-Trp-OH 

28.1 

3c 

AcN-Pro-Gln-lle-Thr-Leu-Trp-Gln-OH 

26.0 

aAt  100  |iM  concentration  of  peptides. 


In  conclusion,  we  have  demonstrated  that  N-  and  C-terminal  peptides  of  the 
dimerization  interface  of  HIV-1  protease  can  act  as  HIV-1  protease  inhibitors.  In 
systematically  varying  the  length  of  the  peptide  sequences,  definite  trends  were 
obtained  in  which  it  was  determined  that  peptide  lb  of  the  C-terminus  and  peptide 
2b  of  the  N-terminus  had  the  maximum  inhibitory  activity  towards  HIV-1  protease. 
Interestingly  these  sequences  correspond  exactly  to  the  full  length  ^-strands  in  the 
four-stranded,  (J-sheet  region  of  the  protease,  which  lends  support  to  the  belief  that 
these  peptides  may  be  interfering  with  the  dimerization  interface.  Although  the 
inhibition  obtained  with  these  peptides  is  not  large,  they  may  act  as  good  starting 
points  for  the  design  of  novel  dimerization  inhibitors  of  HIV-1  protease. 
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Introduction 

The  endothelins  (ETs)  and  sarafotoxins  (SRTXs)  comprise  a  family  of  potent 
vasoconstricting  peptides  that  contain  21 -amino  acids  arranged  in  a  unique  bicyclic 
motif  formed  by  disulfide  bridges  between  cysteines  located  in  positions  1-15  and  3- 
11  [1].  All  members  of  this  family  possess  a  hydrophobic  C-terminal  hexapeptide 
terminating  in  an  L-tryptophan  with  a  free  carboxylate  that  is  necessary  for  high 
binding  affinity  to  isolated  endothelin  receptor  subtypes  (ETA  and  ETB)  and  for 
vasoconstrictor  activity  [1].  We  have  utilized  the  C-terminal  hexapeptide  of 
endothelin- 1  (Ac-Hisl6-Leu-Asp-Ile-Ile-Trp21,  (I))  to  develop  functional  antagonists 
of  ET-1  [2-4].  A  D-amino  acid  scan  of  compound  I  revealed  that  the  D-His16 
analogue  (II)  enhanced  binding  (5  to  20-fold)  to  both  ETA  and  ETB  receptor  subtypes 
versus  (I).  The  D-Phe16  substitution  (HI)  led  to  a  modest  enhancement  in  binding 
affinity  over  (II)  [2,  3].  In  addition,  we  have  reported  [3, 4]  that  substitution  of  beta, 
beta-disubstituted  hydrophobic  D-aromatic  amino  acids  in  position  16  of  the  C- 
terminal  hexapeptide  led  to  peptides  with  high  binding  affinity  to  both  receptor 
subtypes  (Ac-D-Dip16-Leu-Asp-Ile-Ile-Trp21  (IV)  (PD  142893),  Dip  =  3,3- 
diphenylalanine  [5]).  Several  antagonists  of  ET-1  that  are  selective  for  the  ETA 
receptor  have  been  reported  in  the  literature  [6-8],  but  PD  142893  and  related 
analogues  are  combined  receptor  antagonists.  Compound  (VI)  blocked  ET-1 
stimulated  arachidonic  acid  release  (AAR)  with  a  potency  consistent  with  its  binding 
in  tissues  that  express  either  the  ETA  or  rat  ETB  receptor.  In  addition,  PD  142893 
has  been  shown  to  block  the  in  vitro  vasoconstrictor  activity  of  ET-1  and  SRTX-6c 
with  pA2  values  of  6.6  (ETA)  and  6.3  (ETB),  respectively  [3,  4].  In  examining  the 
role  of  positions  17,  18,  19,  and  20  to  binding  affinity  and  receptor  subtype 
selectivity,  we  have  found  compounds  selective  for  the  ETB  receptor  subtype  by 
incorporating  aromatic  amino  acids,  specifically  phenylalanine. 
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Results  and  Discussion 

Starting  with  compound  IV  (PD  142893),  phenylalanine  was  substituted  in 
positions  18,  19  and  20.  In  the  case  of  positions  18  and  19  the  phenylalanine 
substitution  led  to  compounds  that  were  selective  for  the  rat  ETB  receptor 
(compounds  V  and  VI).  However,  phenylalanine  was  not  tolerated  at  position  20 
with  the  resulting  compound  (VII)  having  only  micromolar  affinity  for  either 
receptor  subtype.  In  vitro,  Ac-D-Dip16-Leu-Asp-Phe-Ile-Trp21  (VI)  was  able  to 
block  SRTX-6c  stimulated  vasoconstriction  in  the  rabbit  pulmonary  artery  (ETB) 
with  a  pA2  value  of  6.4,  but  only  had  a  pAj  value  of  5.3  in  the  rabbit  femoral  artery 
(ETa).  Surprisingly,  even  though  V  had  binding  affinities  similar  to  VI,  it  showed 
no  in  vitro  activity  in  either  tissue.  Compound  VI  is  a  functional  antagonist  of  ET- 
1  that  is  selective  for  the  rat  ETB  receptor  albeit  only  slightly. 

Table  1  Binding  affinities  and  biochemical  activities  ofC-terminal  ET-1  analogues 


Binding  Assay1 

Biochemical  Assayb 

Peptide*1 

eta 

ETb 

AARa 

AAR„ 

I 

>50 

>50 

ND* 

ND 

n 

9.5 

10.0 

3.2 

ND 

in 

2.8 

3.3 

3.1 

ND 

IV 

0.04 

0.06 

0.07 

0.02 

V 

0.67 

0.03 

1.3 

0.85 

VI 

0.15 

0.06 

0.13 

0.054 

VII 

4.0 

7.5 

>10 

ND 

VIII 

0.10 

0.33 

0.42 

2.7 

IX 

1.0 

6.0 

0.45 

ND 

X 

7.0 

5.2 

>10 

ND 

a  Binding  data  in  rabbit  renal  artery  vascular  smooth  muscle  cells  (VSMC)  (ETA)  or  rat 
cerebellar  membranes  (ET0)  (micromolar  IC^  values). 
b  Inhibition  of  ET-1  stimulated  AAR  (micromolar  EC50  values)  in  rabbit  renal  artery 
VSMC  (ETA)  or  CHO  cells  expressing  recombinant  rat  ETB  receptors. 
c  (I)  Ac-His-Leu-Asp-Ile-Ile-Trp;  (II)  Ac-D-His-Leu-Asp-Ile-Ile-Trp;  (III)  Ac-D-Phe-Leu- 
Asp-IIe-lle-Trp;  (IV)  Ac-D-Dip-Leu-Asp-Ile-Ile-Trp.2Na+  (PD  142893);  (V)  Ac-D-Dip- 
Leu-Phe-Ile-Ile-Trp;  (VI)  Ac-D-Dip-Leu-Asp-Phe-Ile-Trp;  (VII)  Ac-D-Dip-Leu-Asp-Ile- 
Phe-Trp;  (VIII)  Ac-D-Dip-Leu-Asp-Ala-lle-Trp;  (IX)  Ac-D-Dip-Leu-Asp-Glu-lle-Trp; 
(X)  Ac-D-Dip-Leu-Asp-Lys-Ile-Trp. 
d  ND  =  Not  Determined. 

In  order  to  determine  the  structural  parameters  of  endothelin  antagonists  that 
contribute  to  ETB  receptor  selectivity  we  incorporated  neutral  (Ala,  VIII),  acidic 
(Glu,  IX),  and  basic  (Lys,  X)  amino  acids  into  position  19  of  Ac-D-Dipl6-Leu-Asp- 
Ile-Ile-Trp21  (XI).  Although,  the  Ala  substitution  maintained  high  nanomolar 
binding  affinity,  all  receptor  selectivity  was  lost.  Both  the  Glu  and  Lys  substitutions 
led  to  compounds  with  only  micromolar  affinity  for  each  receptor  subtype  and  no 
selectivity.  Similar  results  were  obtained  for  the  substitution  of  nonaromatic  amino 
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acids  in  positions  17  and  18  (data  not  shown).  This  data  suggests  that  the  rat  ETB 
receptor  may  have  an  additional/auxiliary  hydrophobic  binding  pocket  that  can 
accommodate  a  phenylalanine  residue.  Apparently,  such  hydrophobic  binding 
pockets  may  not  be  present  or  important  for  binding  to  the  ETA  receptor. 

The  incorporation  of  beta,  beta-disubstituted  hydrophobic  D-aromatic  amino 
acids  (Dip)  in  position  16  of  the  C-terminal  hexapeptide  of  ET-1  led  to  potent 
functional  antagonists  at  both  the  ETA  and  ETB  receptor  subtypes.  In  addition,  the 
incorporation  of  phenylalanine  in  positions  18  (V)  and  19  (VI)  of  Ac-D-Dip16-Leu- 
Asp-Ile-Ile-Trp21  imparts  selectivity  for  the  rat  ETB  receptor.  In  fact,  Ac-D-Dip16- 
Leu-Asp-Phe-Ile-Trp21  (VI)  is  a  functional  antagonist  of  ET-1  stimulated  vaso¬ 
constriction  in  vitro.  Selective  ETB  receptor  antagonists  may  help  determine  the 
physiological  and/or  pathophysiological  role  of  ET-1. 
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Introduction 

There  are  several  design  approaches  which  yield  highly  potent  bombesin  (Bn) 
antagonists.  All  result  from  alterations  in  the  geometry  of  the  C-terminal  pair  of 
amino  acids  or  complete  deletion  of  the  C-terminal  residue  [1].  In  the  present  study, 
further  methods  for  producing  receptor  antagonists  were  explored  via  the  introduction 
of  conformationally  restrictive  amino  acids.  (D)-F-Q-W-A-V-G-H-L-L-NH2  (peptide 
I,  Table  1)  is  a  potent  nonapeptide  agonist  analogue  of  bombesin/gastrin  releasing 
peptide  (GRP)  (Ki  7  nM  for  rat  pancreatic  acinar  cells,  Table  1)  and  was  used  for  the 
present  study  in  which  its  amino  acids  were  replaced  with  the  side-chain  tethered 
cyclic  amino  acids  Pro  (Ala  analog).  Tic  (Phe  analog),  Tee  (2,3,4,5-tetrahydro-P- 
carboline-4-COOH)  (Trp  analog)  or  Tip  (4,5,6,7-tetrahydro- 1  H-imidazo  [4,5- 
c]pyridine-6-COOH,  also  known  as  spinacin)  (His  analog): 


Tic 


Tcc 


Tip 


Results  and  Discussion 

Replacement  of  D-Phe  in  position  1  (equivalent  to  position  6  in  Bn)  or  His  in 
position  2  (normally  present  in  GRP)  with  L-Tic  and  L-Tip,  respectively,  had  little 
effect  on  binding  affinity  to  Tat  pancreatic  acinar  cells  or  ability  to  release  amylase 
from  them.  However,  in  the  more  conformationally  sensitive  center  of  the  chain, 
severe  loss  of  affinity  was  observed  with  Tcc  replacements  for  Trp3  and  Tic 
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replacements  for  Ala  and  Val  in  positions  4  and  5,  respectively.  Substitution  of 
Gly6  with  D-Phe  surprisingly,  in  view  of  full  potencies  of  previously  synthesized  D- 
Ala6  analogs  [2],  almost  eliminated  binding  affinity  (Kj  2  pM)  and  produced  a  partial 
agonist  possessing  weak  antagonist  properties.  L-Phe6  retained  significant  affinity 
(Kj  333  nM),  albeit  far  lower  than  the  parent  peptide  I. 


Table  1  Abilities  of  various  Bn  analogs  to  stimulate  or  inhibit  release  of  Bn- 
stimulated  pancreatic  amylase  release  and  to  bind  to  rat  pancreatic  acinar 
cells 


Peptide  Added 

Ag/Ant 

GRP  Receptor  (Pancreatic  Acini) 
ECso/ICj^nM)  Kj(nM) 

Bn 

Ag 

0.06  ±  0.01 

4  ±  1 

I 

Ag 

0.08  ±0.1 

7  ±  1 

[D-Tic1] 

Ag 

0.14  ±0.01 

6  ±  1 

[L-His2] 

Ag 

0.3  ±  0.1 

36  ±  10 

[L-Tip2] 

Ag 

0.87  ±0.10 

78  ±  10 

[L-Tec3] 

Ag 

5.9  ±  1.0 

426  ±  117 

[L-Tic4] 

P.Ag  (30%  max) 

2990  ±444 

>30000 

[L-Tic5] 

Ag 

1430  ±  270 

>30000 

[L-Tic6] 

Ag 

>10000 

9370  ±  700 

[D-Tic6] 

Ant 

520  ±  65 

265  ±  16 

[L-Phe6] 

Ag 

333  ±  76 

>30000 

[D-Phe6] 

P.Ag  (15%  max) 

5400  ±  330 

1990  ±  330 

[L-Pro6] 

Ag 

690  ±  250 

1980 ± 100 

[D-Pro6] 

Ant 

478  ±  79 

134  ±  18 

The  L-Tic6  analog  had  no  observable  affinity  (Kj  >  10  pM),  however,  the  D- 
Tic6  analog  exhibited  a  Kj  of  265  nM.  This  analog  was  devoid  of  effects  on  amylase 
release  and  further  studies  showed  it  to  be  a  new  receptor  antagonist  of  Bn/GRP  with 
an  IC50  of  520  nM.  The  L-Pro6  analog  was  an  agonist  (Kj  690  nM),  however,  as  in 
the  case  of  the  D-Tic  analog,  the  D-Pro6  peptide  was  an  antagonist  (Kj  1 34  nM,  IC™ 
478  nM).  This  position,  together  with  His7,  forms  part  of  a  putative  [3,4]  type  II  p- 
bend  region  in  the  postulated  receptor  binding  conformation  of  Bn  agonists  and 
antagonists  in  which  the  imidazole  side-chain  may  constitute  the  active  site.  For 
instance,  D-Phe  substitution  of  His  results  in  weak  receptor  antagonists  [5]  and 
replacement  of  His  with  certain  amino  acids  greatly  lowers  agonist  potencies  whilst 
having  little  effect  on  antagonist  potencies  [2].  The  present  results  demonstrate  that 
position  6  side  chain  size  has  dramatic  effects  on  biological  properties,  particularly 
when  they  are  locked  into  position  in  the  tethered  amino  acids.  Molecular  modeling 
of  the  standard  H-bond  stabilized  type  II  |}-bend  encompassing  the  Val-Gly-His-Leu 
sequence  suggests  that  the  D-Phe,  D-Pro,  D-Tic  analogs  (but  not  the  L-Phe,  L-Tic 
and  L-Pro  analogs)  must  have  a  side  chain  projecting  into  the  same  region  of  space  as 
the  imidazole  group  on  His7  (Figure  1)  and  we  propose  that  this  could  possibly 
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prevent  activation  of  Bn/GRP  receptor  by  the  latter,  but  not  the  general  binding  of 
the  analog. 


Fig.  1.  Stereo  rrolecular  model  of  -Val-D-Tic-His-Leu-  sequence  displayed  in  a  type  II  /J- 
bend  conformation.  Note  the  projection  of  the  D-Tic  and  His  side  chains  into  the  same 
area  of  space.  Dotted  line  represents  standard  H-bond. 

Conformational  effects  induced  by  the  substitution  of  constrained  amino  acids 
into  a  potent  Bn(6-14)  agonist  were  examined.  The  most  interesting  results  included 
retention  of  virtually  full  potency  with  N-terminal  substitutions  and  the  generation  of 
new  Bn  receptor  antagonists  by  incorporation  of  D-Pro  and  D-Tic  in  Bn  position  1 1 . 
The  latter  effect  seems  to  provide  further  support  to  a  putative  folded  conformation 
for  receptor-bound  Bn  and  the  participation  of  His12  in  the  receptor  activation 
process.  Incorporation  of  these  modifications  into  existing  restrained  cyclic 
structures  may  further  help  to  elucidate  the  conformational  properties  of  Bn 
agonist/antagonists  via  NMR  and  molecular  modeling  studies. 
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Introduction 

Thrombin-mediated  proteolysis  of  fibrinogen  to  fibrin  and  the  enzyme’s 
interaction  with  specific  receptors  on  platelets  and  endothelial  cells  are  key  processes 
in  the  formation  and  dissolution  of  a  haemostatic  plug  at  a  site  of  vascular  injury. 
The  biochemical  events  manifested  by  thrombin  are  abrogated  by  hirudin  or  related 
inhibitors  such  as  hirulog  and  hirutonin  peptides  [1,2]  (Figure  1),  which  are  being 
developed  for  various  indications  of  thrombotic  disorders.  The  specificity  of  these 
inhibitors  is  secured  by  the  presence  of  a  common  COOH-terminal  tail  whose 
sequence  [N-D-G-D55'F-E-E-I-P-E6I‘E-Y-L-Q65]  is  complementary  to  and  binds 
within  the  putative  "fibrinogen  anion- recognition  exosite"  (FRE)  of  thrombin.  We 
have  solved  the  crystal  structure  of  the  complex  between  human  a-thrombin  (h- 
thrombin)  and  two  hirutonin  peptides.  Hirutonin-6  [(R)F-P-AOGD-SP2-D-F-E-P-I- 
P-L  (Figure  1)],  which  embodies  a  truncated  FRE  segment,  inhibits  thrombin  with  a 
Kj=  3.5  nM  despite  its  reduced  size.  On  the  basis  of  the  interactions  within  the 
enzyme's  FRE,  we  investigated  the  effects  of  strategic  modifications  on  the 
antithrombin  activity  of  the  new  truncated  exosite  binding  motif. 

O  0 

Ac-(R)Phe-Pro-HN  A  A,  Y  v 

Y  Wn  'X - Y 


NH 


C=NH 

nh2 

hirutonin-2 

n=  2 

X  =  hir49-54 

Y  =  hir55-65 

hirutonin-6 

n=  4 

X  =  [NHCH2CH=CHCH2]2 

Y  =  D-F-E-P-I-P-L 

Fig.  I.  Structures  of  Hirutonin-2  and  Hirutonin-6.  Hirutonin-2:  n=2,  X=hir  49-54,  Y=hir 
55-65.  Hirutonin-6:  n=4,  X=(NHCH2CH=CHCH2CO]2,  Y=D-F-E-P-I-P-L 
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Table  1  Inhibitory  concentrations  required  to  double  fibrinogen  clotting  time 


Exosite  Recognition  sequence 

IC50  pM 

I 

Ac-Asp-Phe-Glu-Glu-Ile-Pro-Glu-Glu-Tyr-Leu-Gln 

1.2 

n 

Ac-Asp-Phe-Glu-Glu-Ile-Pro-Leu 

60 

m 

Ac-Asp-Phe-Glu-Pro-Ile-Pro-Leu 

32 

IV 

Ac-Asp-Phe-Glu-Pro-Ile-Pro-Glu 

70 

V 

Ac-Asp-Phe'Glu-Pro-IIe-Pro-Pgy 

35 

VI 

Ac-Asp-Phe-Glu-Pro-Ile-Pro-Tyr 

18 

vn 

Succinyl-Phe-Glu-Pro-Ile-Pro-Tyr 

10 

vra 

Ac-Asp-Fhe-Glu*P{CH=sCH]Gly-Ile-Pro-Leu 

>500 

IX 

Ac-Asp-Phe-Glu4,[COCH2]Gly-Ile-Pro-Leu 

>500 

X 

Ac-Asp-Phe-Glu4,[COHCH2]Gly-Ile-Pro-Leu 

>700 

COOCH3 

XI 

Ac-Asp-Phe-  HNN/Av/\^  Ile-Pro-Leu 

>500 

COOH  0 

XII 

Ac- Asp-Phe-Glu-G  ly-Ile-Pro-Leu 

300 

xm 

Ac-Asp-(S)Act-Glu-Pro-Ile-Pro-Leu 

20 

XIV 

Succinyl-(S)Tic-Glu-Pro-Ue-Pro-Leu 

77 

XV 

Succinyl-(S)Nal-Glu-Gly-Ile-Pro-Leu 

140 
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Results  and  Discussion 

Figure  2  shows  the  conformations  of  the  portion  of  hirutonin-6  (bold)  and 
hirutonin-2  (thin  line)  bound  to  the  h-thrombin  fibrinogen  recognition  exosite 
(FRE).  Residues  corresponding  to  hirSS-60  comprise  the  minimum  core  required  to 
bind  to  the  putative  FRE.  The  backbone  conformation  from  Asp55  to  Pro60  is 
similar  for  both  hirutonin  peptides  and  is  fully  extended  across  the  FRE  surface. 
Hirutonin-6  terminates  with  a  leucine  residue  in  position  61  and  therefore  the  3I0 
helical  reverse  turn  characteristic  of  himtonin-2  and  other  C-terminal  hirudin  peptides 
[4]  is  lacking.  The  electron  density  for  Leu61  was  not  clearly  defined  (<B>=70  A2)  in 
the  crystal  and  its  orientation  is  not  shown  in  Figure  2.  Nevertheless,  the  data  in 
Table  2  indicates  that  antithrombin  activity  is  preserved  and  enhanced  in  truncated 
FRE  inhibitors  terminating  with  a  hydrophobic  residue.  As  an  explanation  for  this 
finding,  this  residue  could  compete  for  the  locus  normally  occupied  by  the  greasy 
cluster  formed  by  Pro60,  Tyr63  and  Leu64  in  the  native  hirudin  sequence. 

The  carbonyl  group  of  Glu57  in  both  inhibitors  is  oriented  toward  the  enzyme 
surface  and  is  hydrogen  bonded  to  a  water  molecule  (WAT84)  which  participates  in  a 
hydrogen  bonding  array  involving  enzyme  residues  Arg67,  Glu80,  Lys70  and  Thr74. 
In  order  to  probe  the  relevance  of  this  interaction  to  thrombin  inhibition,  the 
modifications  shown  in  Table  1  were  made  to  the  amide  bond  connecting  Glu57- 
Glu58.  Neither  alkene,  ketoethylene,  hydroxyethylene  or  methoxycarbonyl  functions 
were  compatible  replacements.  However,  the  single  point  mutation  Glu58Gly  caused 
a  similar  potency  drop  suggesting  an  important  conformational  role  for  the  amino 
acid  residue  in  position  58  which  is  not  simulated  by  the  above  dipeptidyl  mimetic 
functions.  Interestingly,  the  same  mutation  to  the  full  length  FRE  inhibitor  (55-65) 
caused  only  a  twofold  drop  in  antithrombin  activity. 

Table  1  also  shows  results  of  modifications  to  Phe56  which,  in  the  bound  state, 
is  buried  in  a  hydrophobic  pocket  lined  by  side  chains  of  Met32,  Phe34  and  Leu40  of 
the  enzyme.  Among  the  selected  modifications  shown,  only  a  (S)*2-amino-2-carboxy 
tetralin  residue  effectively  enhanced  inhibitory  activity. 
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Introduction 

A  number  of  physiologically  important  zinc  metalloproteases,  such  as 
angiotensin-converting  enzyme  (ACE),  neutral  endopeptidase  24.11  (NEP), 
collagenase  and  renal  dipeptidase,  are  targets  for  inhibition  for  the  regulation  of  their 
biological  action.  These  proteases  share  similarities  in  their  mechanism  of  action 
with  the  well-studied  carboxypeptidase  A  (CPA)  [1],  the  prototypic  member  of  this 
family  of  enzymes.  While  traditional  strategies  for  inhibitor  design  have  been  based 
on  competitive  inhibition  approaches,  we  have  developed  a  rationale  for  the 
mechanism-based  inactivation  of  such  proteases.  Based  on  reports  that  CPA  and 
ACE  catalyze  the  stereospecific  deprotonation  of  ketonic  substrate  analogues  [2,  3], 
we  describe  a  mechanism-based  inactivation  approach  for  the  model  zinc  protease, 
CPA,  and  demonstrate  the  application  of  the  design  principle  for  the  irreversible 
inactivation  of  NEP  and  ACE. 


Results  and  Discussion 


(R)-2-Benzyl-5-cyano-4-oxo-pentanoic  acid  (la)  and  N-cyanoacetyl-L- 
phenylalanine  (lb)  were  designed  as  mechanism-based  inactivators  for  CPA,  based 
on  the  premise  that  enzyme-initiated  deprotonation/isomerization  would  lead  to  the 
formation  of  reactive  ketenimine  intermediates  which  would  trap  an  active  site 
nucleophile.  CPA-catalyzed  a,f}-elimination  of  N-(3-chloropropionyl)-L- 
phenylalanine  (lc)  was  envisioned  to  furnish  N-(acrolyl)-L-phenylalanine  as  the 
electrophilic  inactivating  species. 


.  p 

y^'My°h 

o 

U  X.CM,  V.CN 
Ik  X«NH  Y.CN 
1c  X-NH  Y.CMiCI 


Compounds  la-c  [4,  5]  irreversibly  inactivated  CPA  in  a  time-dependent 
manner,  and  the  kinetic  parameters  measured  for  the  inactivation  process  showed  that 
compound  la  is  a  very  effective  inactivator  of  CPA  (Table  1).  The  compounds 
partition  between  turnover  and  inactivation,  and  the  high  partition  (*cat/*inact)  ratios 
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for  ib  and  lc  reveal  that  hydrolysis  to  L-phenylalanine  predominates  over  the 
inactivation  process.  Attempts  to  characterize  the  turnover  products  from  compound 
la  have  thus  far  been  unsuccessful.  Experiments  with  ,4C-labeled  la  and  lb 
provided  a  1:1  stoichiometric  ratio  of  inactivator  and  CPA  upon  inactivation.  N- 
(Acrolyl)-L-phenylalanine  was  independently  shown  to  be  an  affinity  inactivator, 
providing  additional  evidence  for  the  proposed  mechanism  of  action  of  compound  lc. 

Table  1  Mechanism-based  inactivation  for  CPA 


Inactivator 

*inact 

(min  '  x  10-2) 

(mM) 

kcat/kinact 

la 

8.3  ±0.3 

4.9  ±  0.4 

28  ±3 

lb 

3.5  ±  0.3 

4.2  ±0.4 

1180  ±40 

lc 

3.9  ±  0.2 

1.4  ±0.1 

1680  ±  60 

The  classical  active-site  model  for  zinc  proteases  [6]  was  used  as  a  template  for 
the  design  of  N-((R)-2-benzyl-5-cyano-4-oxo-pentanoyl]-L-phenylalanine  (2a)  and  N- 
[N-(cyanoacetyl)-L-phenylalanyl]-L-phenylalanine  (2b)  as  inactivators  for  ACE  [7] 
and  NEP  [8],  The  following  structural  motifs  were  deemed  necessary  for  binding  at 
the  active  sites  and  for  inactivation:  (i)  a  C-terminal  carboxylate  group  for  ion  pairing 
with  an  active-site  basic  residue,  (ii)  a  hydrophobic  P'l  residue  based  on  the 
preference  for  aromatic  or  large  hydrophobic  residues  in  the  S’l  subsites  of  these 
enzymes,  and  (iii)  incorporation  of  an  a-cyanomethyl  moiety  for  the  requisite 
enzyme-catalyzed  formation  of  the  electrophilic  ketenimine  intermediates. 

Table  2  Mechanism-based  inactivation  for  NEP  and  ACE 


NEP 

ACE* 

Inactivator 

*inact 

(min1) 

Km 

(mM) 

kcat/kinact 

kinact 

(min1) 

(mM) 

kcal/kinact 

2a 

0.071 

5.1 

1340 

2b 

0.022 

2.4 

4700 

0.08 

10.5 

8300 

a  Compound  2a  does  not  activate  ACE  even  at  10  mM  concentrations. 


The  results  of  the  kinetic  analysis  of  inactivation  of  NEP  and  ACE  by 
compounds  2a  and  2b  are  presented  in  Table  2.  The  kinetic  parameters  for  the 
inactivation  of  the  two  enzymes  by  the  peptidic  compound  2b  are  quite  comparable. 
Treatment  of  compound  2b  as  a  competitive  inhibitor  for  NEP  hydrolysis  of  the 
substrate,  dansyl-D-Ala-Gly-pN02-Phe-Gly,  and  ACE  hydrolysis  of  N-[(2- 
furyl)acrolyl]-Phe-Gly-Gly  gave  Kj  values  of  17  pM  and  65  pM,  respectively. 
Compound  2a  is,  remarkably,  not  a  mechanism-based  inactivator  for  ACE  and  also 
binds  poorly  to  the  enzyme  (/fj  >10  mM)  as  a  reversible  inhibitor.  The  selective 
inactivation  of  NEP  by  compound  2a  and  its  K,  value  of  14  pM  indicate  that  the 
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presence  of  a  penultimate  amide  bond  is  not  a  critical  requirement  for  reversible 
binding  to  the  NEP  active  site  or  for  the  chemistry  of  inactivation. 


Inactivation 


The  deprotonation  reaction  described  in  the  above  examples  appears  to  be  a 
general  feature  of  zinc  proteases.  Recently,  this  characteristic  was  also  exploited  for 
designing  mechanism-based  inactivators  for  renal  dipeptidase  [9].  We  propose  that 
inactivation  of  CPA,  NEP  and  ACE  with  the  cyanomethyl  derivatives  involves 
enzymic  deprotonation,  initiated  either  by  a  promoted  water  attack  or  by  an  active-site 
basic  residue,  followed  by  rearrangement  to  a  ketenimine  (see  above  scheme).  This 
reactive  intermediate  then  traps  an  active-site  nucleophile,  resulting  in  enzyme 
inactivation.  Our  studies  with  the  dipeptide  derivative,  2a,  and  its  ketomethylene 
analogue,  2b,  suggest  that  the  NEP  active  site  is  more  flexible  than  the  ACE  active 
site  in  accommodating  the  substitution  of  the  penultimate  NH  group  with  a 
methylene  functionality.  This  feature  thus  provides  a  motif  for  the  design  of  potent 
mechanism-based  inactivators  which  selectively  differentiate  between  NEP  and  ACE. 
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Introduction 

The  type  A  endothelin  (ET-1)  receptor  antagonist,  cyclo(D-Trp-D-Asp-Pro~D- 
Val-Leu)  (BQ-123;  analog  I)  [1],  has  been  the  subject  of  several  NMR  studies  and 
appears  to  adopt  a  solution  conformation  consisting  of  a  type  II  p-bend  involving  the 
D-Val-Leu-D-Tip-D-Asp  tetrapeptide  and  a  y1  turn  centered  around  the  Pro  residue  [1- 
3].  In  the  present  study  we  have  examined  the  ability  of  several  cyclic,  side  chain- 
constrained  amino  acids  to  replace  Pro  in  this  structural  environment. 

Results  and  Discussion 

The  parent  compound  (I)  and  the  following  peptide  analogs  were  prepared  by 
solid  phase  peptide  synthesis  on  p-nitrobenzophenone  oxime  resin  with  Boc 
chemistry  and  cleaved  by  in  situ  cycUzadon: 

II  Tic  l,2,3,4-tetrahydroisoquinoline-3-carboxylicacid 

ID  Tcc  2,3,4,5-tetrahydro-b-carboline-4-carboxylic  acid 

IV  Tip  4,5,6,7-tetrahydro- 1  H-imidazo[4,5-c]pyridine-6-carboxylic  acid 

V  Oic  3aS,7aS-octahydroindole-2-carboxylic  acid 

The  structures  of  these  amino  acids  are  given  in  Figure  1.  All  the  peptides  gave 
the  expected  amino  acid  analyses  and  were  judged  to  be  pure  by  HPLC  and  TLC.  The 
yields  of  peptide  from  the  syntheses  were  low  and  the  crude  material  contained  several 
side  products  including  the  diketopiperazine  which  formed  during  the  cyclization. 
The  side  reactions  occurred  in  the  following  order:  Tip>Tcc>Tic>Pro.  This 
spontaneous  degradation  has  been  reported  recently  with  Tic  in  an  unrelated 
tetrapeptide  [4],  The  biological  activity  of  each  analog  was  assessed  in  two  assay 
systems.  The  binding  affinity  (Ki)  of  each  peptide  for  ET-1  type  A  receptors  was 
measured  using  A10  smooth  muscle  cells  and  the  inhibition  (EDjo)  of  ET-1  (1  nM) 
induced  contraction  of  rat  uterus  smooth  muscle  was  measured  using  young  (150  g 
B.W.)  virgin  Wistar  rats  [5].  The  results  obtained  are  shown  in  Table  1. 
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Fig.  1.  Structure  of  the  constrained  amino  acids  used  as  replacements  for  proline. 

The  parent  peptide  I  exhibited  high  affinity  (Ki  7.9  ±  2.9  nM)  for  ET-1  type  A 
receptors  present  on  A10  smooth  muscle  cells  and,  at  a  concentration  of  0.16  pM, 
completely  blocked  contractions  of  isolated  rat  uterus  produced  by  1  nM  endothelin 
(Table  1  and  Figure  2).  All  the  analogs  were  able  to  completely  block  smooth 
muscle  contractions  with  similar  potencies  to  I  except  the  Tip-containing  analog  IV 
which  surprisingly  exhibited  full  agonist  contracting  activity  at  a  lO6  M 
concentration.  This  could  be  blocked  by  prior  addition  of  I  and  thus  appeared  to  be 
caused  by  activation  of  endothelin  receptors.  None  of  the  peptides  exhibited 
significant  affinity  for  endothelin  type  B  receptors  (not  shown). 


Table  1  Analog  receptor  affinities  for  endothelin  type  A  receptors  and  ED &  values  in 
rat  uterus  smooth  muscle  assay 


Analog 

Ki  (nM) 

EDMUND 

I 

7.9  ±  2.9 

0.16  ±  0.06 

n 

5.7  ±  1.5 

0.87  ±  0.04 

m 

15  ±  4.0 

0.25  ±0.017 

IV 

44  ±24 

1.75  ±  0.4 

V 

16  ±  9.5 

0.22  ±  0.02 

This  is,  as  far  as  we  are  aware,  the  first  instance  where  a  small  antagonist 
structure  has  been  converted  into  an  agonist  analog  with  activity  comparable  to  the 
parent  natural  compound.  In  analog  IV,  the  substitution  of  Tip  introduces  an 
imidazole  ring  into  a  crucial  folded  region  of  the  pentapeptide,  and  we  feel  that  this  is 
probably  mimicking  His  present  in  position  16  of  endothelin  itself.  In  published 
studies  by  others,  replacement  of  this  His  residue  in  C-terminal  hexapeptides  with 
aromatic  D-amino  acids  has  also  produced  antagonists  [6],  so  that  His  could  be  the 
active  center  of  endothelin. 
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It  appears  that  cyclic  amino  acids  with  more  complex  side  chains  than  Pro 
perform  well  in  this  and  perhaps  other  bridging  situations  and  that  they  offer  a  unique 
method  for  introducing  functional  groups  into  constrained  peptides. 


Fig.  2.  Inhibition  of  endothelin- 1  -induced  rat  uterus  smooth  muscle  contraction  by 
analogs  and  BQ-123. 
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Introduction 

Biologically  active  peptides,  including  hormones,  are  often  biosynthesized  from 
inactive  precursor  molecules  following  cleavage  by  specific  proteinases  with  a 
marked  preference  for  pairs  of  basic  residues  [1].  Molecular  biology  techniques 
allowed  identification  of  numerous  cand  date  enzymes,  known  as  pro-hormone 
convertases  (PC).  These  enzymes  are  Ca2+-dependent  serine  proteinases  and  possess  a 
subtilisin-like  catalytic  domain  [2].  To  better  understand  their  mode  of  action,  two 
members  of  that  family,  PCI  (also  called  PC3)  and  furin,  were  expressed  as  vaccinia 
virus  recombinants  and  characterized  [3,  data  not  shown]. 

Recent  studies  on  the  design  of  proteinase  inhibitors  revealed  that  small  cyclic 
peptides  can  mimic  efficiently  the  active-site  region  of  larger  native  inhibitors. 
Indeed,  Leatherbarrow  and  Salacinski  [4]  have  successfully  prepared  an  1 8-residue 
cyclic  loop  related  to  part  of  the  83-residue  barley  serine  proteinase  inhibitor-2  (BSPI- 
2)  known  to  inhibit  subtilisin.  Considering  the  similarity  of  the  PC  catalytic  region 
to  subtilisin,  this  cyclic  structure  was  chosen  as  a  starting  point  for  preparing  novel 
PC  inhibitors. 

Here,  we  describe  the  synthesis,  purification  and  characterization  of  three 
mutated  forms  of  the  BSPI-2  reactive  loop  as  well  as  preliminary  results  concerning 
their  reactivities  against  PCI  and  furin. 

Results  and  Discussion 

Three  mutated  forms  were  prepared  which  respectively  contain  one  and  two 
mutations.  The  first  one  (I)  substitutes  the  normally  occurring  MetS9  by  an  Arg 
residue  (Figure  1 ).  The  second  one  (II)  in  addition  to  the  Arg59  contains  another  Arg 
at  position  58  in  agreement  with  the  P,  and  P2  basic  amino  acid  specificity  of  the 
PCs.  The  third  one  (III)  contains  ArgS9  but,  in  addition,  the  Ile^  was  changed  into 
an  Arg  in  view  of  the  reported  preference  of  PC  1  and  furin  for  such  residues  at  P,  and 
P4  positions  [2,  3].  Other  substitutions  with  respect  to  the  native  BSPI-2  were  done 
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as  previously  described  [4].  The  envisioned  structures  were  modeled  and  minimized 
using  the  Macromodel  V3.5  software.  Introduction  of  the  single  (Figure  1)  or  the 
double  Arg  substitutions  has  minimal  effect  on  the  overall  conformation  while  the 
Arg  side  chains  are  predicted  to  protrude  from  the  loop  rendering  them  accessible  to 
the  enzymes. 


V 


Fig.  I.  Model  structure  based  on  X-ray  data  [5]  and  peptide  sequence  of  the  octadecapeptide 
I  (numbering  is  based  on  the  corresponding  BSPI-2  sequence). 

The  synthetic  peptides  were  prepared  using  FMOC  chemistry  on  an  ABI-43 1 A 
peptide  synthesizer  with  HMP-resin.  The  sequence  I  (giving  side-chain  protecting 
groups)  synthesized  was:  C(X)-G-T(tBu)-I-V-T(tBu)-R(Pmc)-E(tBu>-Y(tBu)-R(Pmc)-I- 
D(tBu)-R(Pmc)-T(tBu)-R(Pmc)-S(tBu)-F-C(X)  where  X  represents  a  Trt  or  an  Acm 
group.  Both  II  and  III  were  prepared  after  splitting  the  resin  at  cycle  12. 
Deprotection  and  cleavage  was  achieved  by  two  treatments  with  reagent  K,  as 
described  [3],  with  the  Trt-derivatives  or  with  TFA:phenol:water  (v/v  90:5:5)  for  the 
Acm-derivatives.  Following  purification  by  RP-HPLC,  all  peptides  were 
characterized  by  amino  acid  composition  and  ion  spray/FAB-mass  spectrometry 
(MS). 

Recovery  of  the  cyclic  peptides  led  to  numerous  problems.  Indeed,  cyclization 
of  I  and  II-Trt-derivatives  in  their  resin-bound  forms  [6]  led  to  formation  of 
multimers  based  on  MS  data.  Similarly,  treatment  of  the  purified  Trt-peptides,  as 
suggested  [7],  yielded  minimal  amounts  of  the  expected  monomer.  Finally,  as  shown 
in  Figure  2  for  I,  treating  the  I  and  III- Acm  derivatives  with  methanolic  iodine 
solution  [7]  yielded  the  desired  product  in  good  yields.  Both  amino  acid  composition 
and  MS-data  agree  with  the  expected  values.  The  presence  of  the  disulfide  bridge  was 
confirmed  by  examining  the  chromatographic  behavior  of  the  peptides  following 
treatment  with  either  DTT  or  mercuric  acetate;  in  both  cases,  the  linear  peptides  are 
eluting  later  than  their  cyclic  counterparts. 
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Fig.  2.  RP-HPLC  analysis  of  iodine  oxidation  to  yield  cyclic  /.  Conditions  were  as 
described  in  [3).  (A)  T=0;  (B)  4  equivalents  l2,  1  h;  (C)  8  equivalents  1^2  h. 

Incubation  of  the  linear  Acm  protected-I  and  -HI  with  either  recombinant  PCI 
or  furin  showed  that  III  behaves  as  substrate  for  furin  and  PCi  whereas  I  under 
identical  conditions,  was  almost  entirely  left  intact;  similar  results  with  smaller  P, 
and  P4  Arg-containing  substrates  were  obtained  previously  confirming  their 
importance  for  proper  recognition  by  the  enzymes.  Furthermore,  the  cyclic  I 
derivative  proved  to  be  an  inhibitor  of  PCI  when  assayed  with  small  fluorogenic 
substrates  [3]  whereas  the  cyclic  HI  peptide  did  not  inhibit  PCI . 

In  conclusion,  it  does  appear  that  this  approach  could  prove  useful  in 
developing  related  inhibitors  for  convertases.  In  any  case,  more  studies  on  similar 
derivatives  are  required  in  order  to  assess  their  usefulness. 
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Introduction 

In  recent  years  much  attention  has  been  focused  on  inhibitors  of  thrombin  as 
potential  anticoagulants  [1],  As  part  of  our  programme  directed  at  the  development 
of  enzyme  inhibitors  based  on  transition-state  mimics  [2,  3],  we  discovered  in  the 
early  1980s  that  fragments  of  human  fibrinogen  Aa  containing  a  ketomethyle"e 
isostere  [4]  at  P,  -  P,  were  potent  inhibitors  of  thrombin  [5].  More  rece.  .y, 
ketomethylene  dipeptide  isosteres  incorporated  into  fragments  of  hirudin  have  also 
been  shown  by  DiMaio  and  co-workers  to  yield  effective  thrombin  inhibitors  [6]. 
We  describe  here  the  synthesis,  structure-activity  relationships  and  in  vivo 
anticoagulant  properties  of  novel  ketomethylene  analogues  based  on  human 
fibrinogen. 

Results  and  Discussion 

Suitably  protected  Arg^Gly  was  synthesised  by  the  method  described  in  our 
patent  r5]  and  shown  in  Figure  1.  An  analogous  route  to  the  naturally  occurring 
ketomethylene  dipeptide  isostere  H-Arg^Phe-OH  was  reported  by  Umezawa  et  al.  in 
1983  [7]  and  a  more  general  one  for  X^Y  by  Garcfa-Ldpez  et.  al.  in  1988  [8]. 
Contrary  to  the  observations  of  the  latter  authors,  we  found  that  ca.  20-30% 
racemisation  occurred  at  the  Arg  a-carbon  during  synthesis  which  appeared  to  be 
general  in  other  ketomethylene  isost_,e  syntheses  (unpublished  observation). 
However,  the  diastereomers  were  readily  separated  by  chromatography  on  silica  gel 
prior  to  final  deprotection.  All  inhibitors  were  homogeneous  by  RP-HPLC  and  their 
structures  were  confirmed  by  amino  acid  analyses  and  FAB-MS. 

Boc-ArgfZ^OH  — (i),  (ii),  (ui)  -» Boc-ArgCZ^CT^Br 

— (iv)  — >  Boc-Arg(Z)2CH2CH(C02Tce)2  — (v),  (vi)  —>  Boc-Arg(Z)2^Gly-OH 

* 

Fig.  1.  Synthesis  of  Boc-Arg(Z)2^Gly-OH.  Reaction  conditions  (i)  NMM,  IBC,  -I0°C, 
THF;  (ii)  CH2N^Et20,  lh;  ( iii )  HBr-EtOAc,  -15°C,  15';  (iv)  H2C(C02Tce)2,  NaH.THF, 
0°C,  2h;  (v)  Zn-HOAc,  3h;  and  (vi)  Reflux,  toluene,  3h. 

*20-30%  racemisation  observed;  Tee  =  2,2,2-Trichloroethyl. 
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Table  1  shows  a  representative  selection  of  inhibitors  synthesised  together  with 
their  Kj  values  for  hTh,  IC*  TT  and  ED.  Structure  1  corresponds  to  the  natural 
P3  -  P3  sequence  of  human  fibrinogen  Ao  and  2  contains  the  P3  -  P2  replacement 
discovered  by  Bajusz  [9]. 

Table  1  Thrombin  inhibitors  based  on  Arg*Gly 


No. 

Th 

P3  P2  P,’  1  P2'  P3’ 

Kj  vs.  hThb 
nM 

ICjoTT 

nM 

Ely* 

min 

1 

H-dy-  Val-Arg-dy-Pro-Arg-OH 

2 

H-DPhe-Pro-Arg-Gly-Pro-OH 

443,000 

3 

H-DPhe-Pro-Arg*GIy-Pro-NHEt* 

1,000 

1,000 

36 

4 

H-DPbe-  Pro-Arg*Gly-PrI 

1,700 

1,900 

nd 

5 

H-DCha-Pro-Arg*Giy-Prl 

150 

210 

22 

6 

H-DChaPro-ArgRJly-Phe-NHEt 

10 

24 

11 

7 

(R) 

H-DCha-Pro-Arg*Gly-NHCH(Me^Ph 

20 

41 

12 

8 

H-DCha-Pro- Arg^Gly-  Thi 

12 

26 

12 

9 

H-DCha-Pro-ArgKGly-Phe-Agm 

2.5 

9.5 

12 

10 

H-DCha-Pro-LyshGly-Phe-NHEt 

520 

480 

22 

‘Abbreviations:  K  =  -COCH2-  >n  place  of  -CONH-;  Cha  =  2-cyclohexylalanine;  Prl  = 
pyrrolidide;  Agm  =  agmatine;  hTh  =  human  thrombin;  TT  =  thrombin-induced  clotting 
time  in  human  plasma;  Thi  =  N- 1 ,2,3,4-tetrahydroisoquinoline;  nd  =  not  determined;  bK| 
values  determined  using  chromogenic  substrate  S-2238  (Kabi)  and  Dixon  plots. 
Concentration  of  inhibitor  that  doubles  the  TT.  dEffect  duration,  in  vivo  (rats): 
arbitrarily  defined  here  as  time  interval  between  maximum  TT  and  reduction  to  */3  of 
maximum  TT. 

In  rats,  inhibitor  3  showed  a  bioavailability  of  ~5%  after  intra-duodenal 
administration  and  was  metabolically  stable.  Inhibitor  3  exhibited  a  significant 
beneficial  effect  in  a  model  of  venous  thrombosis  in  the  rat.  Details  of  these 
investigations  will  be  published  separately. 

In  summary: 

1 .  Potent  inhibitors  (Kj  =  10"7  -  104  M)  of  human  thrombin  have  been  developed 
from  the  P3  -  P3'  fragment  of  human  fibrinogen  Aa  by  introducing  (a) 
a  ketomethylene  isosterc  of  the  scissile  Arg-Gly  bond;  introducing  a  Lys  side- 
chain  in  place  of  the  Arg  side-chain  at  Pt  leads  to  a  50-fold  loss  of  activity;  (b) 
DCha  at  P3;  and  (c)  Phe  or  an  aromatic  amide  at  P2’. 

2.  These  inhibitors  significantly  prolonged  thrombin  time  in  human  plasma. 

3.  They  had  duration  of  action  in  rats  of  12  -  36  min. 
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Introduction 

Human  immunodeficiency  virus  (HIV)  codes  for  an  aspartic  protease  known  to 
be  essential  for  retroviral  maturation  and  replication.  The  HIV  protease  can  recognize 
Phe-Pto  and  Tyr-Pro  sequences  as  the  virus  specific  cleavage  sites.  These  features 
provided  a  basis  for  the  rational  design  of  selective  HIV  protease-targeted  drugs  for  the 
treatment  of  AIDS.  Based  on  the  substrate  transition  state,  we  designed  a  novel  class 
of  HTV  protease  inhibitors  [1-4]  containing  allophenylnorstatine  (Apns:  (25,  3S)-  3- 
amino-2-hydroxy-4-phenylbutyric  acid)  with  a  hydroxymethylcarbonyl  (HMC) 
isostere  [5].  Having  identified  the  tripeptide  derivative  KNI-I02  (Z-Asn-Apns-Pro- 
NHBu')  as  a  lead  compound,  we  undertook  a  study  of  lead  optimization  (Figure  1). 
The  conformationally  constrained  tripeptide  (KNI-174;  Noa-Asn-Apns-Dmt-NHBu') 
exhibited  remarkable  increase  in  potency.  Further  structure-activity  relationship 
study  considering  the  penetration  across  cell  membrane  and  the  behaviour  in  vivo  led 
to  the  promising  (notease  active  site-targeted  anti-HIV  agent  kynostatin  (KNI)-272 
(iQoa-Mta-Apns-Thz-NHBu'). 

Resalts  aad  Discussion 

Combinations  of  each  preferred  side  chain  led  to  highly  potent  HIV  protease 
inhibitors,  such  as  KNI-174  (Ki -0.0068  nM),  KNI-225  and  KNI-170.  These 
compounds  exhibited  potent  antiviral  activities  against  HIV-1  in  CD4+  ATH8  cells. 

The  behaviors  of  compounds  in  vivo,  such  as  penetration  across  the  cell 
membrane  and  non-specific  adsorption  in  blood,  are  important  factors  for  the  in  vivo 
antiviral  activity.  Therefore,  considering  die  subtle  balance  of  lipophilicity- 
hydrophilicity  and  molecular  size,  we  incorporated  the  5-isoquinolinyloxyacetyl 
(iQoa)  moiety  at  the  P3  position  and  combined  it  with  each  preferred  side  chain. 
Such  modifications  resulted  in  the  super-active  HIV  protease  inhibitors  KNI-227 
OQoa-Mta-Apns-Dmt-NHBu*;  Ki-0.0023  nM)  and  KNI-272  (Ki-0.0055  nM)  [4, 6]. 
Both  compounds  exhibited  potent  antiviral  activities  against  clinical  HIV-1  isolates 
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in  phytohemagglutinin-stimulated  peripheral  Mood  mononuclear  cells  (PHA-PBM) 
assay  (Table  1).  These  antiviral  activities  against  clinical  HIV-1  isolates  were  more 
titan  10-fold  potent  compared  to  a  C2  symmetric  protease  inhibitor.  A- 77003  [7],  As 
expected  from  the  protease  active  site-targeted  antiviral  mechanism,  these  also 
exhibited  potent  antiviral  activities  (ICy^I.Ol  pM  for  both  compounds)  against 
AZT-insensitive  clinical  HIV-1  isolates. 
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Fig.  I.  Design  of  HIV  protease  inhibitors. 


Also,  KNI-227  and  KNI-272  showed  potent  antiviral  activities  against  the 
infectivity  and  cytopathic  effect  of  HTV  strains,  including  HIV-l^j,  HTV-1RF,  HIV- 
1 MN  and  HIV-2ROD,  as  tested  in  CD4+  ATH8  cells.  The  50%  inhibitory  concen¬ 
trations  (ICjq)  of  KNI-227  against  these  strains  were  0.1,  0.02,  0.03  and  0.13  pM, 
while  those  of  KNI-272  were  0.1,  0.02,  0.04  and  0.14  pM,  respectively.  From  the 
viewpoint  of  the  action  mechanism,  the  active  site-targeted  HTV  protease  inhibitors 
have  reason  to  exhibit  activities  against  a  wide  spectrum  of  HIV  strains,  including 
HIV-2. 

KNI-272  exhibited  excellent  enzyme  selectivity,  with  practically  no  inhibition 
of  other  aspartic  proteases  such  as  human  plasma  renin  (ICJO>100,000  nM),  porcine 
pepsin  (IC5o>80,000  nM)  and  bovine  cathepsin  D  (IC90>100,000  nM).  On  the  other 
hand,  ICW  values  of  KNI-227  were  >100,000  nM(renin),  13,000  nM(pepsin)  and 
23,000  nM(cathepsin  D).  Although  the  P,’  dimethylthioproline  (Dmt)  residue 
remarkably  enhanced  the  protease  inhibitory  activity  due  to  the  conformational 
constraint  and  hydrophobicity  of  the  bulky  dimethyl  group,  enzyme  selectivity  of 
KNI-227  was  a  little  lower  than  KNI-272  with  P,'  thioproline  (Thz).  This  may  be 
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explained  by  the  fact  tint  Dmt  residue  is  regarded  at  a  hybrid-type  of  Thz  and  Val,  and 
that  Apns-Thz  is  a  closer  mimic  to  the  virus  specific  Phe-Pro  sequence  than  Apns- 
Dmt. 


Table  1  Antiviral  activity  against  clinical  HIV-1  isolates  in  PHA-PBM ■ 


Compound 

Structure 

P3  P2  PI  PI*  P21 

Pise  -Asn-Pbe  -Pro  -He 

ic» 

(JIM) 

ic*> 

(MM) 

TC50 

(pM) 

TCy/IC^ 

■rtfra'CM 

Noa-Asn-Apns-Thz-NHBut 

0.14 

0.24 

77 

550 

KNI-174 

Noa-Asn-Apns-Dmt-NHBu' 

0.13 

0.23 

32 

246 

KNI-170 

Noa-Msa-Apns-Dmt-NHBu' 

0.03 

0.05 

19 

633 

KNI-225 

Noa-Mta-Apos-Dmt-NHBu' 

0.03 

8 

267 

KNI-227 

iQoa-Mta-Apns-Dmt-NHBu* 

0.01 

49 

4900 

KNI-272 

iOoa-Mta-Apos-Thz-NHBu' 

0.01 

>80 

>8000 

*1C30  values  were  determined  based  on  levels  of  p24  gag  protein  production. 
Abbreviations:  Noa=l -naph  thy  loxy  acetyl,  Apns=allophenylnorstatine,  Thz»L-thiazo- 


lidine-4-carboxylic  acid,  Dmt=L-5, 5-dime  thylthiazolidine-4~carboxylic  acid,  Msa=L- 
methanesulfonylalanine,  Mt*=L-methylthioelanir»e,  iQoa=5-isoquinolyloxyacetyL 

Interestingly,  a  relatively  low-lipophilic  and  small-sized  tripeptide  derivative, 
KNI-272,  combined  with  iQoa  moiety  and  Thz  residue,  exhibited  highly  potent 
antiviral  activities  and  low  cytotoxicity  (TCjg>80pM).  After  intraduodenal  (i.d.) 
administration  in  rats  [8],  bioavailabilities  of  KN1-174,  KNI-227  and  KNI-272  were 
5.37%,  5.90%  and  42.3%  respectively.  As  compared  with  other  HTV -protease 
inhibitors,  the  bioavailability  of  KNI-272  was  improved. 

In  conclusion,  ease  in  the  synthetic  procedure,  the  HIV  protease-specific 
inhibition  and  potent  antiviral  properties  as  well  as  favorable  cytotoxicity  profile 
warrant  further  studies  in  the  direction  of  clinical  application  of  KNI-272  as  an  oral 
anti-HTV  drug. 
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Iatrodaction 

The  protein  farnesyl  transferase  (FT)  famesylates  p2l™  on  the  Cys  residue  of 
the  C-terminal  consensus  sequence  referred  to  as  a  CAtA2X  box  [1].  This  post- 
translational  modification  is  required  for  plasma  membrane  association  and  function 
of  normal  and  transforming  ras  activity.  Transformed  ras  protons  are  implicated  in  a 
number  of  human  cancers  including  colon,  pancreatic  and  lung  carcinomas. 
Therefore,  selective  inhibition  of  FT  could  lead  to  a  new  class  of  potent  and  selective 
anticancer  agents.  CVFM  is  a  very  potent  inhibitor  of  FT  (IC*,  =  37  nM)  Unlike 
known  tetrapeptide  substrate  inhibitors  containing  aliphatic  residues  at  the  A2 
position  (CWM,  CVTM),  CVFM  appears  not  to  be  farnesylated;  i.e.,  it  is  a  true 
inhibitor.  To  better  define  the  structural  requirements  for  both  the  substrate  and 
inhibitor  peptide  classes,  analogs  containing  backbone  amide  modifications  as  well  as 
replacements  at  the  A!  and  A2  positions  were  explored.  Minimized  energy 
conformations  of  selected  compounds  were  measured  to  determine  any  conformational 
preferences. 

Resalts  and  Discussion 

Four  series  of  compounds  were  investigated  (see  Table  1).  These  include 
compounds  containing  A2  modifications.  A)  turn-inducing  residues,  methyleneamine 
amide  bond  isosteres  and  N-methyl  derivatives.  Peptides  containing  A,  mid  A2 
replacements  were  assembled  on  a  Wang  resin  using  BOP/HOBt  couplings  and 
NaFmoc-protected  amino  acids.  The  methyleneamine -containing  peptides  were 
prepared  via  the  N.O-dimethylhydroxamate  using  the  methods  of  Castro  [2]  and  Borch 
[3].  N-methyl  containing  peptides  were  assembled  using  previously  described 
methods  [4-6].  The  Monte  Carlo  conformational  searches  of  CVFM,  CAibFM  and 
CV (N-Me)FM  were  carried  out  in  MACROMODEL  using  die  AMBER  force  field. 
Minimizations  were  determined  in  vacuo  using  a  distance  dependent  dielectric  of  4r, 
an  electrostatics  cutoff  of  12  A,  a  van  der  Waals  cutoff  of  7  A,  and  a  hydrogen 
bonding  cutoff  of  4  A.  The  in  vitro  inhibition  assay  was  carried  out  essentially  as 
described  [7]  and  was  adapted  to  TCA  precipitation  in  microtiter  plates.  The  TLC 
procedure  used  for  the  substrate  assay  was  taken  from  a  previously  described  method 
18]. 
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Table  1  Peptide-based  inhibitors  ofp21ru  protein  famesyl  transferase 


Structure 

ICjo(nM) 

Substrate 

CVFM 

37 

no 

CWM 

68 

yes 

CVPhgM 

696 

yes 

CVHphM 

120 

yes 

CAibFM 

400 

no 

CAcc6FM* 

1200 

no 

OpfCHjNHJVFM 

12 

no 

OjrJCHjNHJVVM 

29 

yes 

CVFyfCHjNHlM 

2220 

no 

N*Me-CVFM 

420 

yes 

C(NaMe)VFM 

250 

DO 

CV(N“Me)FM 

360 

no 

CVF(N“Me)M 

1400 

no 

QWWeJWM 

90 

NT 

CV(N°Me)VM 

120 

NT 

CW(N“Me)M 

6750 

NT 

•Abbreviations:  Acc6-  aminocyclobexylcarboxylic  acid,  Aib  -  aminoisobutyric  acid, 
Hph  -  homophenylalanine,  Phg  -  phenylglycine. 


As  shown  in  Table  i,  distance  between  the  aromatic  ring  at  the  A2  position  and 
the  backbone  is  critical  for  nonsubstrate  inhibition.  Placing  the  aromatic  ring  closer 
or  farther  away  from  the  backbone  (as  in  CVPhgM  or  CVHphM)  results  in  a  less 
potent  inhibitor  that  reverts  to  a  substrate.  Two  turn-inducing  replacements  at  die  Ai 
(i  +  1)  position  were  investigated  to  explore  the  possibility  of  a  turn  as  the  preferred 
conformation.  These  compounds  were  weak  nonsubstrate  inhibitors.  The  methylene- 
amine  amide  bond  replacement  between  Cys  aad  Val  for  both  CVVM  and  CVFM 
conferred  improved  potency  ova  the  progenitor  peptides.  This  is  a  very  critical 
discovery  since  it  is  the  first  step  toward  developing  a  proteolytically  stable  inhibitor. 
This  same  modification  between  Phe  and  Met  led  to  a  very  poor  inhibitor,  suggesting 
that  either  the  Phe- Met  amide  carbonyl  is  involved  in  a  critical  hydrogen  bond  or  a 
rigid  geometry  is  required  at  that  position.  N-methyl  peptides  were  explored 
exhaustively  in  CAAX  tetrapeptides.  For  the  CVFM  series,  this  modification  in  any 
position  generally  led  to  a  weaker  nonsubstrate  inhibitor.  Interestingly,  methylating 
the  N-terminus  of  CVFM  generated  a  substrate.  In  the  CVVM  series,  methylatkm 
was  well  tolerated  at  both  the  A(  and  A2  positions.  These  findings  suggest  there  are 
critical  interactions  required  for  nonsubstrate  (CVFM-like)  inhibitor  binding  which 
may  be  less  necessary  for  substrate  inhibition.  In  both  the  CWM  and  the  CVFM 
series,  N-methylating  the  C-terminal  methionine  led  to  very  weak  inhibition, 
suggesting  that  the  Aj-X  amide  may  play  a  similar  role  (i.e.,  through  one  or  several 
critical  interactions)  in  both  substrate  and  inhibitor  peptides. 
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Monte  Carlo  (MC)  confonnatkmal  searches  of  CVFM,  CAibFM  and  CV(N- 
Me)FM  were  carried  out  to  determine  if  these  compounds  adopted  a  conformational 
preference.  For  each  peptide,  the  NH- amide  bonds  were  kept  in  the  transcon¬ 
figuration  and  were  not  varied  during  the  MC  searches.  However,  as  the  N(Me)- 
amide  for  CV(N-Me)FM  could  exist  in  the  trans  or  the  cis  configuration,  two 
separate  MC  searches  woe  carried  out  for  this  compound  with  the  amide  bond  fixed 
in  either  the  trans  or  cis  configurations.  The  lowest  energy  conformer  for  all  three 
peptides  was  found  to  be  extended.  A  comparison  of  the  conformational  profile  of 
the  three  peptides  suggests  that  CVFM  is  a  relatively  flexible  molecule. 
Substitution  of  Val  with  Aib  induces  more  flexibility  into  the  first  two  residues  due 
to  increased  flexibility  at  A|.  However,  N-methylation  of  Phe  reduces  die  flexibility 
of  At  and  A2  and  also  reduces  the  torsional  variation  of  the  Phe  sidechain.  This 
results  in  an  overall  reduction  of  the  flexibility  of  the  peptide.  Both  substitution  with 
Aib  and  N-methylation  led  to  a  loss  of  activity.  For  CAibFM,  these  effects  could  be 
due  to  1)  greater  conformational  flexibility  which  is  entropically  unfavorable  or  2) 
steric  hindrance  from  the  a-methyl  group  (the  Acc6  analog  is  less  active  than  Aib). 
For  CV(N-Me)FM,  loss  of  activity  could  be  from  1)  cis-trans  isomerization,  2)  loss 
of  amide  NH  for  hydrogen  bonding,  3)  steric  occlusion  from  the  N-methyl. 
Calculations  suggest  that  CAibFM  does  promote  turn  formation.  Type  I  and  n  f) 
turns  were  found  that  were  7  kcal  higher  in  energy  than  the  lowest  energy  conformer. 
For  CVFM,  type  I  and  II  p  turns  were  10.3  kcal  and  11.1  kcal  higher  in  energy  than 
the  lowest  energy  conformer.  These  findings  suggest  that  although  turns  can  exist, 
they  are  unlikely  to  be  preferred  in  these  compounds. 

In  conclusion,  no  definitive  active  conformational  structure  has  yet  been 
identified  for  potent  peptide-based  inhibitors  of  p21™  FT.  As  we  identify  active 
inhibitors,  we  will  continue  to  probe  secondary  structural  motifs  as  a  means  to 
identify  active  conformations. 
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Introduction 

Methionine  aminopeptidase  (MAP)  catalyzes  the  co- translational  removal  of 
amino-terminal  methionine  from  proteins.  E.  coli  MAP  contains  two  divalent  cobalt 
ions  which  are  not  replaceable  by  Zn2+,  Mg2+  or  Mn2+  [1].  Although  this  unique 
cobalt  protease  enzyme  is  structually  similar  to  the  Zn  metalloprotease,  bovine  lens 
leucine  aminopeptidase  (blLAP),  in  that  the  analogous  binuclear  metals  are  separated 
by  the  same  distance  (2.9  A)  [2],  the  two  aminopeptidases  do  not  share  sequence 
homology  nor  3-dimensional  structural  similarity. 

Bestatin,  a  slow-  and  tight-binding  inhibitor  of  LAP,  was  postulated  to  bind  in 
the  active  site  of  LAP  with  its  a-amino  group  and  hydroxyl  group  coordinated  to  the 
zinc  ion  [3],  which  was  confirmed  by  the  X-ray  structure  of  bestatin  complexed  to 
blLAP  [4].  Bestatin  thus  may  be  a  natural  mimetic  of  a  reaction  pathway 
intermediate  for  the  aminopeptidase -catalyzed  hydrolysis  of  substrate. 

We  report  here  the  design  and  synthesis  of  die  first  tight-binding  inhibitor  of 
E  coli  MAP.  Our  strategy  for  inhibitor  design  follows  that  developed  for  designing 
inhibitors  of  other  enzymes  by  inserting  the  reaction  pathway  mimetic  found  in  one 
natural  enzyme  inhibitor  into  the  target  substrate  structure  [3].  E.  coli  MAP 
substrate  specificity  is  quite  different  from  that  of  zinc  aminopeptidases.  MAP 
strongly  favors  substrates  having  a  small  and  uncharged  amino  acid  (Gly,  Ala,  So-, 
Pro,  Val,  Thr  and  Cys)  at  the  Pi'  position.  Only  L-Met  or  L-Nle  are  tolerated  at  the 
N -terminus  of  substrate,  and  die  enzyme  seems  to  utilize  only  tripeptides  or  longer 
peptides.  We  synthesized  several  bestatin  analogs,  1-6,  which  contain  Nle-Ala  side 
chains  in  place  of  Phe-Leu  of  bestatin.  The  Nle  side  chain  of  bestatin  analogs  is 
asssumed  to  bind  in  the  S,  subsite  and  Ala  side  chain  then  binds  in  the  Si'  subsite. 

Results  ami  Discussion 

Bestatin  is  a  poor  inhibitor  of  E.  coli  MAP  (Kj  >1  mM),  as  is  amastatin,  a 
tetrapeptide  analog  of  bestatin  (Kj «  188  pM).  These  results  could  be  explained  by 
steric  factors,  because  MAP  requires  a  small  amino  acid  in  Si',  and  both  bestatin  and 
amastatin  have  a  large  amino  acid  at  P|'.  Accordingly,  we  designed  our  analogs  to 
more  closely  mimic  die  MAP  substrate. 
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Table  1  Inhibition  o/E.  coli  MAP  by  bestatin  analogs 


Compounds 

X 

c2 

c3 

Kj  QiM) 

1 

C« 

s 

s 

212 

2 

(XI 

s 

R 

748 

3 

NHNH-Dns 

RS* 

S 

119 

4 

NHNH-Dns 

s 

R 

5.6 

5 

Leu-Val-Phe-QMe 

RS* 

S 

17.7 

6 

Leu-Val-Phe-OMe 

S 

0.0236b 

*  The  ratio  of  R:S  is  4:1. 

b  Slow-binding  inhibitor  (10  min.  preincubation  at  30°Q. 


Compounds  1-6  woe  synthesized  by  a  stepwise  solution  strategy  [6],  and 
assayed  by  the  HPLC  method  with  H-Nle-Ala-NHNH-Dns  as  substrate,  an  adaptation 
of  die  method  of  Lin  and  Wart  [7]. 

The  results  shown  in  Table  1  indicate  that  the  length  of  peptide  chain  and  the 
configuration  at  C2  and  C3  ore  critical  factors  for  the  activity.  Dipeptide  analogs  1 
and  2  are  weak  inhibitors,  slightly  more  potent  than  bestatin.  Substrate  analogs  3 
and  4,  where  the  hydrazide  dansyl  group  probably  binds  in  the  S?'  pocket,  are  better 
inhibitors  than  the  dipeptide  analogs.  The  introttoction  of  the  hydrazide  dansyl  group 
decreased  Kj  130-fold  in  the  case  of  (2S,3R)-3-ainino-2-bydroxyheptanoic  acid 
(AHHpA)  derivatives  (2  vs  4).  Pentapeptide  analogs  5  and  6  are  even  better 
inhibitors  than  the  dipeptide  analogs.  A  decrease  in  Kj  of  32,000-fold  is  seen  with 
die  (2S,  3R)  configuration  at  AHHpA  moiety  (2  vs  6). 

Slow-binding  inhibition  of  aminopeptidases  is  characteristic  of  bestatin  and  its 
analogs.  Among  compounds  in  Table  1,  only  the  pentapeptide  analogs  containing 
(2S,3R)-configuration  (6)  show  slow-binding  behavior. 

In  conclusion,  a  pentapeptide  analog  of  bestatin  (6)  was  shown  to  be  the  first 
slow,  tight-binding  inhibitor  of  £.  coli  MAP  reported  to  date.  The  stereochemistry 
of  the  amino-substituted  carbon  atom  is  the  same  as  found  in  the  natural  product 
bestatin  but  reversed  (D-ccmfiguration)  from  that  found  in  substrate  (^configuration). 
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Introduction 

A  number  of  antiviral  agents  have  been  developed  for  treatment  of  AIDS  that 
target  the  HIV- 1  protease,  an  enzyme  essential  for  the  processing  of  viral  proteins  and 
virion  maturation.  The  HIV-1  protease  is  a  highly  specific  enzyme  such  that  its 
primary  sequence  is  highly  conserved  among  differing  viral  strains.  Recent  studies 
[1]  revealed  the  emergence  of  HIV-1  strains  in  vitro  with  mutated  protease  that 
exhibit  resistance  towards  inhibitors.  Recently  [1]  we  examined  HIV-1  resistance  to 
the  pseudo  C2  symmetric  inhibitor  A-77003  [2]  (Figure  1)  by  growing  NL4-3,  a 
virus  derived  from  an  infectious  molecular  clone,  in  MT  4  cells  in  the  presence  of 
subinhibitory  concentrations  of  A-77003.  Considerable  increase  of  IDj,,  was 
observed  after  14-19  passages  (10  to  33  times).  The  amino  acid  sequences  of  mutant 
HIV-1  protease  regions  were  determined  using  PCR,  cloning  into  M13  phage 
followed  by  nucleotide  sequencing  of  multiple  clones.  The  most  abundant  mutation 
was  an  arginine  to  glutamine  substitution  at  position  8  in  the  protease  sequence 
(R8Q).  This  mutant  was  subsequently  cloned,  expressed  and  used  for  the  present 
study.  The  main  goal  of  this  study  was  to  design  inhibitors  that  are  equally  active 
towards  both  the  wild  type  (WT)  and  R8Q  mutant  enzymes. 


Ki  [nM] 

WT  R8Q 

0.012  0.6 


Fig.  1.  C2  pseudosymmetric  inhibitor  A-77003  [2]. 
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Results  and  Discussion 

a)  Synthesis  of  inhibitors 

The  inhibitor  core  unit  (2,5-diamino-l,6-diphenyl-3,4-hexandiol)  was 
synthesized  by  McMurry's  pinacol  coupling  of  Boc-phenylalaninal  [3],  that  was 
obtained  from  Boc-phenylalaninol  by  oxidation  with  periodinane  [4].  The  SRSS 
isomer  (pseudomesoform)  was  isolated  by  chromatography  and  used  for  synthesis  of 
inhibitors.  Coupling  steps  woe  performed  using  TBTU/HOBt/DIEA  method. 

The  N.N1-  unsymmetrically  di substituted  urea  for  synthesis  of  inhibitor  (IV)  has 
been  prepared  by  a  newly  developed  method  based  on  subsequent  addition  of  different 
amino  components  to  a  solution  of  tri phosgene.  The  reactive  intermediate  of  this 
reaction  (more  likely  amidoylchloride  than  isocyanate)  is  apparently  less  reactive  than 
phosgene  (triphosgene)  itself.  This  enables  one  to  distinguish  substitution  of  the 
first  and  the  second  chlorine  atom  in  the  formal  phosgene  molecule. 

leq.  R,-NH2.HC1  +  l/3eq.  Cl3COCOOCCl3 

1.  i  2.2  eq.  iPr2NEt 

[  R,-NH-CO-Cl  ]  +  leq.  R^NH^HCl 

2.  i  2.2  eq.  iPr2NEt 

r1-nh-co-nh-r2 

Fig.  2.  Synthesis  of  unsymmetricai  urea  based  on  subsequent  addition  of  amino 
components  to  the  solution  of  triphosgene. 

b)  Activities  of  inhibitors 

The  R8Q  mutation  strongly  affects  die  S3  (S3)  subsite  of  die  protease  binding 
pocket  From  the  crystal  structure  of  the  A-77003/protease  complex,  it  is  known 
that  die  pyridine  groups  interact  closely  with  die  Arg8  (resp.  Argl08)  residue.  The 
planes  of  the  interacting  pyridine  ring  and  guantdiaiutn  group  are  approximately 
parallel  and  stacked  at  a  distance  of  3.4-3.6  A.  We  have  modelled  the  R8Q  mutant 
into  the  crystal  structure  of  the  A-77 003/protease  complex.  Glutamine  makes  less 
extensive  va  .  der  Waals  contacts  with  the  pyridinium  groups.  In  addition,  the 
strength  of  the  interaction  should  be  reduced  by  both  the  reduced  positive  charge  of 
the  Gin  side  chain  and  the  greater  distance  dependence  of  the  amide  dipolar  interaction 
with  the  pyridine  ring.  With  these  facts  in  mind,  we  designed  a  series  of  four 
inhibitors  modified  in  die  critical  P3(P3')  positions.  The  truncated  inhibitors  I,  II  and 
in  were  designed  to  prevent  interactions  with  Arg  in  position  8  thus  making 
inhibitor  binding  independent  of  this  residue.  The  obtained  K,  values  (Figure  3) 
revealed  that  we  succeeded  in  the  first  part  of  the  task,  i.e.,  to  achieve  similar  activity 
towards  both  die  mutant  and  wild  type  proteases. 
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Fig.  3.  Inhibition  constants  of  P3  modeled  inhibitors. 

The  Kj's  ratio  (WT/mutant)  decreased  from  1/50  for  A-77003  to  shout  1/1  for 
inhibitor  IL  However,  we  did  not  succeed  in  reaching  the  deep  subnanomolar  activity 
found  in  the  case  of  WT  protease  and  A-77003.  The  inhibitor  IV  has  been  designed 
to  preserve  the  beneficial  stacking  interaction  of  the  aromatic  ring  with  Arg  of  WT 
protease  and  also  to  make  stabilizing  hydrogen  bonds  with  Gln8  of  die  R8Q  mutant 
Although  its  activity  towards  WT  protease  was  better  than  that  of  truncated 
inhibitors,  activity  towards  R8Q  mutant  remained  at  the  nanomolar  level. 

References 

1 .  Ho.  D.D.,  Toyoettma,  T.,  Keaspf.  DJ.,  Norbeck,  D..  Erickson,  J.W.  and  Singh. 
MX.  m—ntnript  in  preparation. 

2.  Kempt,  DX,  Marsh.  K.C.,  Paul,  D.A.,  Kaigge,  M.F.,  Nortoeck,  D.W.,  KnMhwwr. 
Wl,  CodacoW,  L.,  Vasavaaoada,  S..  Bryant  P.,  Wang.  X.C.,  Wideburg,  NX. 
Clamant  IX.  Hauer,  IJ.  and  Erickson,  I.,  Antimterob.  Agents  Cbeanothar.,  35 
(1991)  2209. 

3 .  Kempf,  DX,  Sowto.  TX,  Deter,  EM.,  Hawick,  SM.,  Codacovi,  L.,  Henry.  R.F., 
Green,  BX,  Spaaton,  S.G.  and  Norbeck,  D.W.,  I.  Org.  Chem.,  57  (1992)  5692. 

4.  Dees,  DR.  and  Martin,  J.C.,  I.  Org.  Chem.,  48  (1983)  4156. 


630 


Synthesis  and  structure-activity  studies  of  SH2 
binding  peptides  containing  hydrolytically  stable 
analogs  of  0-phosphotyrosine 


A.  Otaka1,  M.  Nomizu1,  M.S.  Smyth1,  S.E.  Sboelson2, 
R.D.  Case2,  T.R.  Burke,  Jr.1  and  P.P.  Roller1 

1  Laboratory  of  Medicinal  Chemistry,  DTP,  DCT,  NCI, 
National  Institutes  of  Health,  Bethesda,  MD  20892,  U.S.A., 
2Joslin  Diabetes  Center  and  Department  cf  Medicine,  Brigham  and 
Women’s  Hospital,  Harvard  Medical  School,  Boston,  MA  02215, 

U.S.A. 


Introduction 

Protein  tyrosine  kinases  (PTKs)  are  enzymes  that  provide  critical  functionality 
for  a  variety  of  cellular  signal  transduction  processes  [1],  Specific  tyrosine-containing 
sequences  in  PTKs,  such  as  PDGF  receptor,  are  autophosphorylated  upon  ligand 
binding.  These  phosphotyrosyl  residues  (pTyr)  in  turn  are  recognized  by  proteins 
containing  src-bomology  2  (SH2)  domains.  For  example,  die  PDGF  receptor  forms 
complexes  with  phosphatidy linositol- 3-kinase  (PI3-kinase),  PLC-yl,  and  GTPase- 
activating  protein.  Modulation  of  SH2  mediated  mitogenic  signal  transduction 
processes  may  provide  a  useful  approach  for  anti-cancer  therapy.  Phosphonomethyl 
phenylalanine  (Pmp)  [2]  can  serve  as  a  phosphatase  resistant  pTyr  mimetic  in 
peptides,  and  such  peptides  have  been  found  to  inhibit  SIC  binding  interaction  [3], 
In  the  present  study,  we  utilized  Pmp  analogs  bearing  substitutions  at  the  phosphono 
a-methylene  carbon  in  solid-phase  peptide  synthesis  (SPPS)  of  SIC  inhibitory 
peptides  and  evaluated  the  structure-activity  relationship  of  these  peptides  for  the 
inhibition  of  PI3  kinase  (p85)  binding. 

Results  and  Discussion 

The  peptide  Tyr(751)-Val-Pro-Met-Leu  represents  one  of  the  auto- 
phosphorylation  sequences  of  PDGF  receptor-0,  and  it  is  a  known  SIC  binding  site 
for  PI  3-kinase  [4].  Sets  of  linear  and  cyclic  glycine  extended  peptides  were 
synthesized  with  incorporation  of  Pmp  analogs  (Figure  1).  An  Fmoc  /  t-Bu 
protection  strategy  was  Med  for  the  incorporation  of  Pmp,  HPmp  (hydroxyPmp),  and 
FPmp  (moooftuoroPmp)  residues  into  the  peptide  [3].  For  incorporation  of  FjPmp 
(difluoroPmp),  the  t-Bu  protection  was  found  to  be  too  unstable,  while  ethyl  side 
chain  protection  proved  to  be  satisfactory  [6].  For  die  syntheses  of  Pmp,  HPmp, 
FPmp  and  pTyr-cootaining  linear  peptides,  an  Fmoc-based  SPPS  was  utilized  which 
combined  piperidine-mediated  N-deprotection  rod  DIPCDI  /  HOBt-mediated  coupling 
on  4-[(2\4’-dimethoxyphenyl)  hydroxymethyl]phenoxy  (super  acid-labile  Rink)  resin. 
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X 

R' 

R2 

pTyr 

o 

Me 

Boc  or  Fmoc 

Pmp 

CHj 

t-Bu 

Fmoc 

HPmp 

CHOH 

t-Bu 

Fmoc 

FPmp 

CHF 

t-Bu 

Fmoc 

F2Pmp 

cf2 

t-Bu 

Ftnoc 

FjPmp 

cf2 

Et 

Boc  or  Fmoc 

Fig.  1.  Structures  of  phosphatase  resistant  pTyr  analogs. 


Treatment  of  the  protected  peptide  resins  with  TFA-thioanisole-ethanedithiol  (EDT) 
gave  diastereomeric  mixtures  of  L-  and  D-Pmp  analog-containing  peptides. 
Separation  of  D/L-mixtures  was  accomplished  via  HPLC  on  an  ODS  column  and 
absolute  configurations  were  assigned  by  digestion  with  aminopeptidase-M. 
Deprotection  of  die  Tyif0P03Me2)-containing  peptide  resin  was  accomplished  using 
1  M  trimethylsilyl  bromide  (TMSBr)-thioanisole  /  TFA,  m-cresol,  EDT  [7,8].  For 
the  preparation  of  the  F2Pmp-containing  peptides,  Boc-based  SPPS  on  Merrifield 
resin  or  Fmoc-based  SPPS  on  super  acid-labile  Rink  resin  was  employed.  Treatment 
of  the  F2Pmp(OEt)2-containing  peptide  resin  with  1  M  trimethylsilyl  trifluoro- 
methanesulfonate  (TMSOTf)-2  M  dimethylsulfide  (DMS)  /  TFA,  m-cresol,  EDT 
(100  :  4  :  20,  v/v;  4°C,  30  min;  r.t,  2  hr)  yielded  a  diastereomeric  mixture  of 
completely  deprotected  I^FjPmp-  and  D-F2Pmp-cootaining  peptides.  The  TMSOTf- 
mediaied  deprotection  method  [9]  afforded  die  best  results  for  removing  die  Et  groups 
orf  the  F2Pmp  residue.  The  requisite  linear  side-chain  protected  peptides  for  the 
synthesis  of  cyclic  peptides  incorporating  pTyr  and  F2Pmp  were  prepared  using  the 
Fmoc  method  on  p-alkoxybenzylaicohol  (Wang)  resin.  In  this  synthesis,  to  prevent 
partial  piperidine-mediated  deprotection  of  Me  mid  Et  groups  on  TyifOFOjMe^  or 
F2Pmp(OBt)2,  respectively,  these  derivatives  were  introduced  into  die  N-terminal 
position  of  the  peptide  as  Boc -derivatives  or  as  a  Boc -protected  dipeptide  unit. 
Treatment  of  the  protected  resins  (e.  g.  Boc-Gly-FjPmpfOEt^- V al-Pro-Met-Leu-O- 
Wang  resin)  with  TFA-H20  yielded  Tyr(OPOjMe2)-  and  D/L-F2Pmp(OEt)2- 
containing  linear  peptides.  After  HPLC  separation  of  D-  and  L-containing 
diastereomers,  the  linear  peptides  were  cyclized  using  diphenylphospborylazide 
(DPPAyN-methylmorpholine  (NMM)  in  DMF.  Final  deprotertion  was  achieved  with 
TMSBr-  or  TMSOTf-mediated  methods  as  mentioned  above.  The  Pmp-containing 
cyclic  peptide  was  obtained  using  a  synthetic  approach  analogous  to  die  method  for 
die  synthesis  of  the  F2Pmp-con taming  cyclic  peptide,  except  diet  1%  TFA  /  CH^Q2 
was  used  to  cleave  die  t-Bu  phosphonate  protected  linear  peptide  from  super  acid- 
labile  Rink  resin  and  TFA  was  used  to  deprotect  the  t-Bu  groups.  The  various 
phosphonopeptides  were  evaluated  in  competitive  binding  assays  [10]  to  the  C- 
terminal  SH2  domain  of  p83  PI3-kinase  subunit.  Data  are  shown  in  Table  1.  The 
relative  affinities  of  Pmp  aariog-contamiag  peptides  are:  pTyr  »  F2Pmp  >  FPmp 
>Pmp  >  HPmp. 
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Table  1  Pl3-kinas e  binding  inhibition  of  synthetic  SH2  inhibitory  peptides 


Synthetic  Peptides 

ED  jo  ±  SD  (  )lM  ) 

CKL-Tyr-OPOjHjJ-V-P-M-L 

0.17  ±  0.02 

G-<L-Pmp)-V-P-M-L 

0.98  ±  0.09 

G-(L-HPmp)-V-P-M-L 

3.30  1  0.5 

G-(L-FPmp)-V-P-M~L 

0.40  1  0.03 

G-fL-FjPmp)- V  -P-M-L 

0.1710.02 

G-(L-Tyr)-V-P-M-L 

>500 

G-CD-FjPmpJ-V-P-M-L 

3419.6 

G<L-Pmp)- V  -P-Nle-L 

1.6  1 0.2 

Cyclic[G-{L-Pnip)-V-P-M-L] 

5.2  1 0.7 

Cyclic[G-(L-F2Pmp)-V-P-M-L] 

2.24  1  0.40* 

Cyclic[G-(L-Tyr-0P03H2)-V-P-M-L] 

1.0110.15* 

Cyclic[G-(D-Pinp)-V-P-M-L] 

156130 

*  preliminary  results 


The  good  affinity  of  F2Pmp  containing  peptides  is  attributed  both  to  its  low 
pKa2  value  [1 1]  and  the  hydrogen  bond  forming  ability  of  F  atoms.  Met  at  pTyr  +  3, 
which  has  been  thought  to  be  critical  for  binding  to  SH2  of  PI 3- kinase,  can  be 
replaced  by  a  Nle  residue.  The  coaformationally  more  rigid  cyclic  peptides  possess 
significant  affinity  and  provide  a  useful  lead  for  peptidomimetic  SH2  inhibitor 
development. 
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Introduction 

Since  the  initial  work  by  Boger  and  co-workers  [1],  a  cyclohexylmethyl  group 
has  been  the  standard  P,  sidechain  in  a  variety  of  transition-state  based  renin 
inhibitors.  Recently,  cyclic  paeudopeptidyl  inhibitors  of  the  aspartyl  proteinase 
pepsin  have  been  described  [2]  in  which  the  sidechains  of  P|  rod  P3  are  covalently 
linked.  In  contrast,  we  chose  to  append  the  P3  sidechain  functional  group  directly  to 
the  P,  side  chain,  thereby  eliminating  the  P3  sidechain  to  backbone  linkage. 
Molecular  modeling  studies  suggested  that  the  proposed  novel  transition-state 
isos  teres  could  satisfy  die  hydrophobic  requirements  of  both  the  S|  and  S3  binding 
pockets,  lending  support  for  their  synthesis  and  incorporation  into  peptidomimetic 
renin  inhibitors. 

Results  and  Discussion 

A  flexible  and  convergent  synthesis  of  a  variety  of  transition  state  isosteres,  1, 
with  alkyl  and  aryl  groups  appended  from  die  4-position  of  the  Pi  cyclohexylmethyl 
group  was  desired.  Retrosynthetically,  we  envisioned  that  these  groups  could  be 
appended  to  the  cyclohexyl  ring  through  the  4-keto  derivative  2;  which,  in  turn, 
might  be  derived  from  the  diol,  3.  The  diol  should  be  available  following  known 
procedures  [3]  from  N-Boc-O-Bzl-Tyr  (Scheme  1).  In  practice,  the  key  intermediate  2 
was  synthesized  in  17%  overall  yield  from  the  commercially  available  protected 
amino  acid.  The  4-keto  functionality  was  found  to  react  smoothly  with 
organolithium  and  Wittig  reagents  providing  the  novel  transition  state  isosteres  in 
30-60  percent  yield  after  functional  group  deprotection.  Coupling  of  these  isosteres, 
employing  standard  carbodiimide  chemistry,  with  N-(4-morphoKno-sulfonyl)  Gly-Alg 
[4]  yielded  the  fully  elaborated  renin  inhibitors  4-9. 

Docking  experiments  were  based  on  a  human  renin  model  using  the  conserved 
interaction  scheme  observed  for  the  aspartic  proteinase  inhibitors  [5].  Substitution  of 
a  1 -naphthyl  group  on  C(4)  of  the  Pi  cyclohexyl  ring  of  die  transition  state  isostere 
resulted  in  a  structure  that  remained  compatible  with  the  enzyme  cleft  region.  The 
appended  1 -naphthyl  group  extended  into  the  S3  region  normally  occupied  by  die  side 
chain  of  the  P3  Phe.  A  conformational  analysis  of  the  4-(l -naphthyl)  cyclohexyl  P( 
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sidcchain  run  without  the  confines  of  the  cleft  indicated  that  the  bound  conformation 
was  a  valid  confbrmer. 

The  inhibitors  were  tested  against  monkey  plasma  renin  according  to  a 
previously  described  method  [6].  The  binding  affinities  were  compared  to  two  renin 
inhibitors,  4  and  5,  to  evaluate  any  advantage  offered  by  tethering  a  group  from  the 
cyclohexyl  Pi  moiety  into  the  S3  binding  pocket  (Table  1).  The  most  potent 
inhibitor,  that  containing  the  1 -naphthyl  appendage,  9,  has  a  binding  affinity  of  1 1 
nM.  This  affinity  is  a  seven-fold  improvement  over  the  82  nM  binding  affinity  of 
the  P3  glycine  standard,  5,  but  is  still  less  potent  than  the  highly  potent  P3  Pbe 
containing  parent,  4.  The  loss  of  potency  observed  with  9  may  be  partially 
attributed  to  the  increased  flexibility  in  the  P3  Gly  residue  relative  to  the  P3 
phenylalanine  moiety  in  4.  Inhibitor  <  containing  a  smaller  phenyl  substituent 
appended  to  C(4)  of  the  cyclohexyl  ring  binds  with  61  nM  affinity  and  also  appears 
reasonable  based  on  modeling  studies.  Although  the  phenyl  substituent  in  6  does 
not  seem  to  fully  occupy  the  S3  pocket,  the  group  does  bind  in  the  vicinity  of  the 
hydrophobic  phenylalanine  side  chains  located  at  the  base  of  the  cleft  in  the  enzyme 
binding  site  model.  Insertion  of  a  methylene  spacer  into  the  phenyl  derivative  6 
provides  S  with  a  benzyl  tether  on  C(4)  of  the  cyclohexane  ring.  The  binding 
affinity  of  the  derivative  8  is  202  nM,  demonstrating  that  minor  structural  variations 
can  have  a  significant  impact  on  binding  affinity. 

The  key  intermediate  2  has  proven  to  be  a  versatile  and  readily  available  starting 
material  fen  a  variety  of  novel  Pj-Pi'  transition  state  mimetic*.  Although  the 
increase  in  binding  affinity  attributed  to  the  incorporation  of  a  tether  is  modest 
(compare  9  with  5),  die  ability  to  extend  from  a  transition  state  mimetic  directly  to 
relatively  distant  binding  pockets  without  involving  the  peptide  backbone  is  seen  as  a 
new  and  promising  strategy  for  designing  smaller  topographically  based  enzyme 
inhibitors. 
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Table  1  Inhibitor  structure  and  activity 
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Introduction 

The  endothelins  (ETs)  are  a  family  of  peptides  that  are  highly  potent 
vasoconstrictors  and  possess  a  variety  of  additional  biological  activities  [1, 2],  These 
peptides  act  through  at  least  two  distinct  receptor  subtypes  tamed  ETA  and  ETB  [3]. 
A  D- amino  acid  scan  of  Ac-ET-1 16.21  and  further  SAR  studies  have  advanced  potent 
and  non-selective  ETA/ETB  antagonists  such  as  PD  142893  [4],  Recently,  the  cyclic 
pentapeptide  BQ-123  and  a  linear  tripeptide,  FR  139317,  were  reported  [3,  6]  as 
potent  and  selective  ETA  antagonists.  A  common  structural  feature  of  ET-1,  BQ123, 
FR  139317  and  PD-142893  is  a  Trp  residue  (L  or  D  stereochemistry),  which  is 
critical  to  the  SAR  of  each  of  these  peptidyl  ligands. 

Results  and  Discussion 

Two  series  of  chimeric  heptapeptides  were  designed  from  FR  139317  and 
compound  2  and  each  showed  pM  affinity  for  the  ETa  receptor  (Table  1,3-  6). 
However,  only  chimeric  heptapeptides  5  and  6  containing  the  N-terminus  of  FR 
139317,  showed  both  ETA  and  ETB  receptor  binding.  These  results  indicated  that  the 
C-terminus  of  PD  142893  is  particularly  important  for  ETB  binding. 

Replacement  of  D2Pyr  by  2Pyr  (7)  in  FR  139317  resulted  in  a  10-fold  loss  in 
binding  affinity  at  the  ET,  receptor.  Deletion  of  the  C-terminal  D2Pyr  residue  (8) 
showed  only  a  10-fold  decrease  in  ETA  receptor  binding  affinity.  Other  modifications 
such  as  the  substitution  of  Aze  by  Chx  or  Chp,  DTrp(Me)  by  DTrp  and  D3Pyr  by 
DPhe  also  did  not  significantly  alter  ETA  binding  affinity  (9-11).  Interestingly,  the 
modification  of  DPhe  to  DDip,  (12),  although  it  did  not  aha  ETA  receptor  binding, 
did  significantly  increase  the  ETB  receptor  binding  (>100- fold).  Similarly,  backbone 
modification  of  DTrp  by  aMeDTrp  resulted  in  a  100-fold  increase  in  ETB  receptor 
binding  affinity,  albeit  ETA  receptor  binding  was  decreased  10-fold  (13).  Both 
backbone  modification  (aMeDTrp)  and  ^-branching  a  the  C-terminus  (DDip) 
resulted  in  potent  binding  to  both  the  ETA  and  ETB  receptors  (15).  Furthermore, 
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compounds  13-15  are  non-selective  antagonists  in  contrast  to  FR  139317  which  is 
3000-fold  more  selective  for  the  ETA  receptor  in  our  assay  systems. 

An  analysis  of  a  proposed  conformation  of  FR  139317  (based  on  die  hypothesis 
that  BQ-123  [7]  and  FR  139317  occupy  the  same  binding  site)  relative  to  BQ-123 
suggested  a  reasonable  overlay  of  the  two  peptides  (FR  139317/BQ123)  based  on 
superpositioning  Leu/Leu,  DTrp(Me)/DTrp,  Aze/DVal  and  DPyr/AspPro.  Based  on  a 
3-D  model  for  FR  139317,  we  systematically  modified  the  ligand  template  to  that  of 
compound  15.  These  studies  suggest  that  the  otMeDTrp  substitution  may  induce  a 
turn  conformation  that  orients  the  DDip,  backbone  COOH  and  hydrophobic  side 
chain  groups  to  provide  favorable  interactions  at  both  ET  receptors. 

The  tripeptide  ETA  receptor  selective  antagonist  FR  139317  was  systematically 
modified  to  yield  a  series  of  compounds  which  were  potent  ET-1  antagonists  at  both 
ETa  and  ETB  receptors.  Specifically,  backbone  a-methylation  of  the  Trp  and 
modification  at  the  C-terminus  by  Dip  resulted  in  the  discovery  of  several  non- 
selective  antagonists,  13-15  of  ET-1. 
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Introduction 

[(pNH2)Phe6]-AII  [1]  was  the  first  reported  AT2-selective  peptide.  Rat 
peripheral  vasculature  displays  the  AT]  receptor  preferentially,  whereas  rat  cerebral 
artery  displays  the  AT2  receptor  [2],  Thus,  All  analog  potency  determined  in  a 
peripheral  vascular  smooth  muscle  assay,  e.g.,  rabbit  aorta,  reflects  analog  affinity 
and  efficacy  at  the  AT,  receptor.  In  contrast,  All  peptide  analog  in  vivo 
antihypertensive  potency  may  reflect  analog  affinity  and  efficacy  at  both  die  ATi  and 
AT2  receptors,  since  the  analog  in  circulation  may  pass  through  tissues  expressing 
one  or  both  receptors.  Two  isoforms  AT1a  and  AT!B  were  recently  discovered  in  rat 
tissues  [3],  Most  previous  All  structure-activity  studies  utilized  smooth  muscle 
assays,  e.g.,  rabbit  aorta  (RB-A),  which  displays  only  the  ATt  receptor.  To  begin  to 
sort  out  the  different  structural  requirements  for  the  AT]  and  AT2  receptors,  we  have 
reevaluated  previously  published  peptide  analogs  in  die  bovine  adrenal  cortex  (B-AC) 
for  the  study  of  AT,  receptor  affinity  and  bovine  ovary  (B-O)  and  cerebellum  (B-C) 
for  the  study  of  AT2  receptor  affinity  [4],  Rat  mesenteric  artery  (R-M),  employed  in 
early  experiments,  was  replaced  with  B-AC. 

Results  and  Discussion 

The  rank  ordering  of  peptides  in  Table  1  primarily  by  RB-A  does  not 
completely  parallel  B-AC  activity,  perhaps  due  to  species  differences.  None  of  the 
peptides,  furthermore,  display  AT,  selectivity.  A  variety  of  modifications  to  [Sar1]- 
AII  and  [Sarl,Ile8]-AII  in  the  critical  positions  Arg2,  Tyr4,  and  His6 reduce  AT, 
receptor  affinity  but  not  AT2  receptor  affinity,  as  evidenced  in  the  AT2-selective 
analogs  4, 7, 11,  and  15.  AT2  selectivity  can  be  demonstrated  in  other  positions 
as  well.  Thus,  the  AH  analog  structural  requirements  for  AT2  receptor  affinity  are 
remarkably  different  from  AT,  requirements.  Within  the  bovine  AT2-containing 
tissues,  however,  analog  selectivities  are  apparent:  14  and  24  prefer  the  ovary  over 
brain,  whereas  13  and  17  prefer  brain  over  ovary  (suggesting  AT2  receptor 
subtypes?).  In  vitro  activity  (RB-A)  and  in  vivo  activity  (R-BP)  fall  within  1  order 
of  magnitude  of  AT|  receptor  affinity  in  the  R-M  or  the  B-AC  although  species 
differences  may  account  for  exceptions,  especially  8  which  displays  high  affinity  in 
all  bovine  tissues.  Subtle  modifications  can  alter  selectivity,  e.g.,  De  to  (OMe)Thr 
decreases  affinity  for  B-O  in  14  to  13.  The  para  substituents  of  [(pX)Phe4]-AII 
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Table  1  In  vitro  and  in  vivo  activities  vs.  receptor  affinities 
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2,  [Sar 1  .(pNOgJPhe4  Jle8]- All 

0  7.1 

1000 

3808 

118 

24 

10.  [Ssr1,(pOMe)Fhe<Jk!®]-An 

0  7.1 

100 

158 

38 

59 

11.  [S»1,(pF)Ffe«4.ne*]-An  0  6.8 

750 

8088 

8 

43 

«»• 

12.  (S»1,<pO»)»«*iie*]-An 

0  <6.0 

>1000 

<888 

3888 

178 

11  [Sar1  ,(OMe)Thr,®TW*41e*]- All 

0  7.3 

30 

388 

488 

2M 

11  [Sm1,TW‘,Jk£]-AII  0  7.5 

100 

998 

8J» 

13 

lipm^TVp^JBe^-An  0  7.4 

100 

788 

Li 

8.11 

analogs  5-12  have  a  dramatic  influence  upon  selectivity,  e.g.,  p-H  in  8  vs.  p-F  in 
11.  Farther  structure-affinity  studies  will  be  required  to  determine  the  fall  extent  of 
the  different  rmnimnciits  for  AT|  end  AT2  receptors. 
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In  Vitro 


Agthrily  Rabbit 
la  Vitro  Aorta 


JLAfl?  nA2d 


In  Vivo  (ATi)  (AT2)  (AT2) 

Rat  BP  Atk.CatL  Ovary  Bonn 

ID30  IC30  IC30  IC50 

(ny/rat/m)*  fnM)  (nM)  fnM) 


1&  [Sar1,(N^Ma)W^Jk^]>An 


0 

6.75 

100 

30 

3 

93 

12,  [Sar1,PW*.ne8]-AII 

0 

6.5 

100 

300 

100 

2.0 

18.  [Sw1,Lyk‘jto*>An 

PV^Itlnw  PiyW- 

0 

<6.0 

>105 

300 

263 

18.  [Sar1  JMoMs)A«^]-An  0 

9.7 

10 

32J 

1j(5 

1.3  (RM) 

20,  [S»1,D-Phe8]-An 

0 

9.0 

12.5 

1.3  (RM) 

[Ssr^TIn^l-An 

0 

8.9 

15 

24 

4.4  (RM) 

2 J 

0J 

22.[Sv1,This]-AII 

8.6 

23 

10 

30 

u 

22.  (Sar^Aln^l-AII 

0.11  (RM) 

0 

8.6 

15 

3.4  (RM)8 

24,[Ssr1.HIs8]-AII 

0 

1.2 

750 

120 

26  (RM) 

3 JO 

264 

25,  [Ssr  *  ,I>-Pfce®]-AII-NH2 

0 

7.5 

12.5 

300 

2000  (RM) 

500 

509 

2fi.ID-Cys1,Cy**]-An 

0 

<6.0 

1387  (RM) 

’Activities  described  in  previous  references  in  Ref.  [5];  ‘’Described  in  [4];  All  IC50  values 
(n=3)  are  within  ±  0.2,  or  ±  0.30  for  analogs  *;  cIn  vitro  %  agonist  activity  rabbit  aorta 
rel.  All;  dpA2  =  -k>g  IC50  15];  'Inhibition  of  All  induced  rat  blood  pressure  increase, 
employing  250  g  rats  [3];  'Partial  agonist  activity,  difficult  to  quantitate;  *RM  =  rat 
mesentery;  '■Partial  agonist  activity  seen  above  100  ng/ml. 
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Introduction 

The  serine  proteinase  thrombin  plays  an  essential  role  in  the  coagulation 
pathway.  Thus,  thrombin  is  involved  in  many  thrombotic  disorders  and  it  is  often 
desirable  to  control  thrombin  activity  in  vivo.  Thrombin  activity  can  be  blocked  by 
active  site  directed  inhibitors.  Due  to  the  similarities  of  the  active  sites  of  related 
serine  proteinases,  such  as  trypsin  and  plasmin,  potency  and  specificity  play  major 
roles  in  a  successful  treatment  of  coagulatory  disorders.  It  is  thought  that 
competitive  inhibitors  are  particularly  useful  as  drug  candidates.  Widely  known 
are  MD-805  (2R,4R-4-methyl-(N2-(3-methyl- 1 ,2,3,4- tetrahydro-8-quinolinyl)) 
sulphonyl-L-arginyl-2-piperidine  carboxylic  acid)  and  NAPAP  (p-naphthyl- 
sulfonylglycyl-D,L-4-amidinophenylalanyl-piperidide).  However  these  compounds 
display  drawbacks,  such  as  limited  efficacy  in  vivo,  short  duration  of  action  and  side 
effects  in  vivo.  We  report  herein  on  the  development  of  new  and  highly  potent 
thrombin  inhibitors  with  improved  characteristics.  For  this  purpose  we  optimized 
the  inhibitor  structure  of  NAPAP  employing  molecular  modelling  and  synthesized 
and  characterized  a  series  of  inhibitor  molecules.  An  important  starting  point  for 
molecular  modelling  was  the  elucidation  of  die  thrombin  structure  [1,  2].  Based  on 
the  X-ray  crystal  structure  data  of  low  molecular  weight  thrombin  inhibitors,  rational 
drug  design  was  possible. 

Results  and  Discussion 

In  order  to  overcome  the  shortcomings  of  NAPAP  (1)  we  introduced  an  acidic 
moiety  aiming  at  improved  tolerability  and  half-life  in  vivo.  It  was  known  from 
literature  that  the  introduction  of  am  acidic  moiety  into  basic  molecules  improved  the 
above  characteristics  [3].  The  most  potent  compound  in  this  series,  P-naphthyl- 
suJphonylglycyl-DJL-4-*midinophenylalarune-L-proline  displayed  a  Ki  of  510  nM. 
Thus,  we  looked  for  possible  sites  for  the  introduction  of  acidic  functionalities  into 
NAPAP  gaining  compounds  without  a  ton  of  antithrombotic  activity.  Initially,  we 
introduced  carboxylic  functions  at  the  piperidine  group.  However,  this  led  to  an 
undesoed  loss  of  antithrombotic  potency  reflected  by  the  Ki.  We  found  that  the 
substitution  of  Oly  by  Asp  led  to  compounds  with  acceptable  characteristics.  The 
synthesis  of  7  is  a  representative  outline  for  the  other  compounds  (Figure  1). 
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Fig.  1.  Outline  of  the  synthesis  of  compound  7.  Other  compounds  shown  in  Table  I  have 
been  synthesized  similarly.  For  every  single  inhibitor,  steps  a)  to  h)  have  been  the  same 
yielding  the  intermediate  4-amidinophenylalanylpiperidide.  The  final  inhibitors  have 
been  synthesized  by  coupling  individually  protected  amino  acid  derivatives  (data  not 
outlined). 

In  comparison  to  NAPAP,  2  displayed  only  a  slightly  higher  Ki  against  thrombin. 
It  could  be  demonstrated  that  the  introduction  of  aspartic  acid  instead  of  Oly  reduced 
also  the  influence  of  the  inhibitors  cm  blood  pressure  and  histamine  release.  Our  next 
goal  was  to  enhance  the  antithrombotic  potency  of  2.  Our  CAMD  studies  pointed 
out  that  the  {Mtaphthylsulphonyl  group  did  not  fit  optimally  into  the  active  site  of 
thrombin.  We  found  that  die  sulphamide  portion  of  this  inhibitor  type  had  to  be 
optimized.  Results  toe  compiled  in  Table  1. 

The  data  in  Table  1  support  the  importance  of  the  derivatization  pattern  of  the 
phenyisulphainide  portion.  It  can  be  summarized  that  the  4-methoxy-2,3,6- 
trimethylphenylsulphonyl  group  exhibited  the  most  potest  contribution  to  the 
binding  forces.  We  foond  that  the  antithrombotic  potency  m  vitro  and  in  vivo  could 
be  enhanced  by  derivatization  or  substitution  of  the  carboxylic  moiety  of  Asp.  Even 
an  exchange  of  the  carboxylic  group  by  a  stdphosk  add  moiety  (compound  It) 
yielded  an  Improved  Ki  against  thrombin.  The  most  potent  compound  was  a  |J- 
glycosylated  stroctatc  (12)  with  a  Ki  of  40  pM.  The  data  in  Table  1  demonstrate 
that  improved  inhibition  of  throaabin  had  only  bole  influence  on  trypsin  inhibition. 
Hence,  the  inhibitors  7,10,11,12  displayed  a  high  selectivity.  This  was  also 
confirmed  for  similar  enzymes  tPA  and  ptasmin  (data  not  shown).  Thrombin 
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Table  1  Structure  activity  relationship  of  thrombin  inhibitors 


Inhibition  constants  Ki(nM) 


No.  Structure***’  Thrombin  Trypsin 


1  P-naphthylsulphonyl-Gly-D,L-Adf-pip(NAPAP) 

2  P-napbthykulpbonyl-L-Asp-DJ^-Adf-pip 

3  4-methoxy-2,5-dimethyIphenyisiilphonyl-L-Asp-D,L-Adf-pip 

4  4-rorthoxy-23,5-trimethylphenylsulphonyl-L-Asp-DJ^-Adf-pip 

5  4-methoxy-2,6-dimethy^ibenyisulphooyi-L-Asp-DJL-Adf-pip 

6  4-methaxy-2,3-dimethylphenylsu]phonyl-L-Asp-DJL-Adf-pip 

7  4-methoxy-2,3,6-trimethylphenylsulphonyl-L-Asp-D-Adf-pip 

8  4-methoxy-2,3,6-trimethylphenylsulphonyl-L-Asp-D,L-Adf-pip 

9  4-methoxy-2,3,6-trimethylphenylsulphonyl-L-Glu-D,L-Adf-pip 

10  4-methoxy-2,3,6-trimethylpbenylsulphonyl-L-Cya-D-Adf-pip 

11  4-methoxy-2,3,6-trimethylphenylsulphonyl-L-Asp(GABA)-D- 
Adf-pip 

12  4-methoxy-2,3,6-trimethylphenylsulphonyl-L~Asn 
((P-glucopyranosyl)uronatc)-D-Adf-pip 

*Adf  =  4- amidi nophenylalanine,  bpip  *  piperidine. 

inhibitors  with  Ki  values  <10  nM  (7,10,11,12)  have  been  tested  for  further  in 
vitro  and  in  vivo  characteristics.  It  turned  out  that  these  compounds  were  highly 
stable  in  body  fluids  and  influenced  strongly  the  coagulation  parameters  TT  and 
aPTT.  In  in  vivo  thrombus  models,  i.e.  vena  cava  thrombosis,  stenosis  of  arteria 
carotis  and  DIC,  these  inhibitors  demonstrated  theh  high  efficacy.  This  data  suggests 
that  the  most  potent  inhibitors  in  the  above  series  may  serve  as  useful 
antithrombotic  drugs. 
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Introduction 

Thrombin  plays  a  central  regulatory  role  in  haemostasis,  wound  healing  and 
various  diseases  such  as  arterial  and  venous  thrombosis.  If  the  extent  of  thrombin 
generation  and  activity  in  prethrombic  situations  can  be  inhibited,  then  antithrombic 
efficacy  will  result  [1]. 

In  order  to  obtain  selective  suicide  substrates  of  serine  protei oases,  we  have 
previously  introduced  a  latent  functionality  into  cyclopeptides  related  to  good 
substrates  of  these  enzymes.  Inactivation  of  a-chymotrypsin  [2]  or  trypsin-like 
proteinases  [3,  4]  has  already  been  observed.  These  cyclopeptides  possess  a  P, 
functionalized  mefo-aminobenzoyl  residue  (m-aB(CHj)X)  which  constitutes  a  latent 
electrophilic  moiety  and  a  P,  amino  acid  residue  displaying  a  good  affinity  for  the  S, 
primary  binding  site  of  the  target  enzyme  (Schechter  and  Berger  notation  [5]). 


la:  P3=  D-Phe,  lb:  L-Phe,  1c:  Gly;  X*  H 
2:  P3=  D-Phe,  X=  S*Me2 

Fig.  1.  Structure  of  the  cyclopeptides  la-c  and  2. 

Selective  enzymic  cleavage  of  the  P|-P'i  anilide  bond  should  result  in  the 
formation  of  an  acyl-enzyme  and  an  aminobenzoic  derivative  having  a  good  sulfide 
leaving  group  (when  Xb+SR,!^).  Then  substitution  at  the  benzylic  position  by  an 
active  site  nucleophile  should  lead  to  enzyme  inactivation,  by  a  dissociative 
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mechanism  involving  a  quinonimiaium  methide  intermediate.  During  the  life-time 
of  die  acyl-enzyme,  diffusion  of  die  reactive  electrophile  out  of  the  active  site  shook! 
be  prevailed  by  the  presence  of  a  peptidic  linkage.  When  P,*Arg  and  die  peptide 
link  was  a  tetraglycyl  chain,  an  interesting  selectivity  for  the  inhibition  of  urokinase 
was  observed,  without  a  noticeable  inactivation  of  t-PA  [4]. 

In  thrombin  substrates  and  inhibitors,  acylation  of  the  D-Pbe-Pro-Arg  sequence 
levels  down  the  favorable  effect  of  the  D  configuration  of  the  P3  residue  [6].  In  the 
aim  of  obtaining  good  substrates  of  thrombin,  a  series  of  c(P3-Pro-Arg-m-aB(CH3>- 
Gly2)  cyclopeptides  1  (Figure  1),  in  which  P3*CHy,  L-Pbe  or  D-Phe,  has  now  been 
synthesized  and  studied  as  substrates.  Then,  die  sequence  leading  to  die  best 
cyclopeptidic  substrate  has  been  retained  for  the  synthesis  of  the  corresponding  c(P3- 
Pro-Arg-m-aBfCHjXyGlyj)  inhibitor  2. 

Results  and  Discussion 

The  cyclopeptides  la-c  ami  2  were  prepared  by  solution  peptide  synthesis. 
Diglycine  ethyl  ester  was  first  coupled  to  2-methyl-S-nitrobenzoyl  or  2- 
(phenoxymethyl)-5-nitrobenzoyl  chloride.  Then,  reduction  of  the  nitro  substituent 
followed  by  elongation  of  the  peptide  chain  gave  a  compound  which  was  cyclized  by 
the  azide  method  (Figure  2).  The  sulfonium  salt  2  was  obtained  from  the 
corresponding  phenyl  ether  c(D-Phe-Pro-Aig-m-aB(CH2-OC6H5)-Gly2)  by  treatment 
with  Me^/CFjCOjH. 


(D)Phe  Pro  Arg  m-aB(CH2OC6Hj)  Gly  Gly 


|  (D)Phe  - Pro  - Arg - m-iBfCHjOQfyl-Gly - Gly  ) 

|-(D)Phe  - Pro  - Arg - m-»B(CHjS*Me2)  -Gly - Gly-)  2 

Fig.  2.  Synthesis  of  the  cyclopeptide  2.  (i)  Et,N/DMF  ( ii )  H2/PtO ,  (iii) 
DCC/pyridine/DMF  (iv)  TFA/CH2Cl2  (v)  EtOCOCUNMM  (vi)  H2N-NH2  (vii)  1. 
RONO/H*/DMF/-40  °  2.  dilution  (DM*)  3.  iPrjNEt  (via)  Me2S/TFA. 
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Analysis  of  die  influence  of  the  nature  of  the  amino  acid  at  the  P3  position  of 
the  protio  compounds  la-c  (X*»H)  showed  that  the  D-Phe-Pro-Arg  sequence 
considerably  increases  the  rate  of  the  thrombin  catalyzed  hydrolysis:  k^/IL^al.6  x 
105  M  's1  (In:  P3«D-Phe),  1,780  M  ’s1  (lb:  P3*L-Phe)  and  370  M  V1  (lc: 
P3=Gly)  at  pH  7.5  and  25°C.  Therefore  la  was  used  as  a  core  structure  for  the 
synthesis  of  the  inactivator.  The  obtained  functionalized  cyclic  peptide  2  inactivated 

human  thrombin  (k _ yk; =3,500  M  ’s  ’  at  pH  7.5  and  25°C)  through  a  process 

fulfilling  the  kinetic  criteria  expected  for  an  enzyme-activated  inhibition.  The 
inactivation  is  remarkably  selective:  2  has  no  effect  on  bovine  trypsin  or 
chymotrypsin  and  human  factor  Xa,  and  very  poor  effect  on  human  urokinase  and 
plasmin  (kiMct/ki<0. 1  M  ’s1). 

The  model  study  on  the  cyclopeptides  la-c  (X=H)  demonstrated  that  the 
sequence  D-Phe-Pro-Arg,  even  when  included  in  a  cyclic  structure,  considerably 
enhanced  the  efficiency  of  the  thrombin-catalyzed  hydrolysis.  The  corresponding 
cyclopeptide  2  (X=+SMe2)  was  a  highly  selective  inactivator  of  human  thrombin. 
The  present  study  suggests  that  cyclopeptides  possessing  a  latent  electrophilic 
function,  like  cotn pound  2,  can  be  tailored  in  order  to  obtain  selective  inhibitors  of 
therapeutic  interest. 
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Introdiictioa 

Hirudin  is  the  most  potent  thrombin  inhibitor  (Ki  -  10"14M)  and  its  C-terminal 
fragment  55-65,  Ac-DFEEIPEEYLQ-OH  (ICg,  =  1.7  pM),  binds  to  the  Fibrinogen 
Recognition  Exosite  (FRE)  of  thrombin,  one  of  the  most  important  structural 
features  that  is  responsible  for  the  high  selectivity  of  thrombin  functions  in  the  Mood 
coagulation  system.  The  previous  study  suggested  that  three  residues,  Phe56,  Glu57, 
and  lie59,  are  the  most  important  for  the  binding  affinity  [1].  While  the  FRE  of 
thrombin  is  also  called  the  'anion  binding  exosite'  because  of  the  many  basic  residues 
present  in  this  region,  there  is  only  one  acidic  residue,  GluS7,  showing  the  crucial 
role  in  the  hirudin  C-terminal  side.  Recently,  we  demonstrated  that  branching  an  Asp 
residue  to  both  Sue33  and  Glu37  side  chains  of  a  Glu3*  and  Lys61  cyclic  analog  of 
hirudin  55-65,  [Asp-y-Suc33,  Asp-8-Glu57],  cyclo-lGlu5*,  Lys61]  hirudin35-*3  (ICj,,  ■ 
0.21  pM),  improved  the  potency  8-fold  [2].  In  this  report,  we  focus  on  the  analysis 
of  ionic  interactions  at  the  hirudin  Glu57  binding  site  of  a  truncated  hirudin  sequence 
(hirudin  55-62). 

Retails  aad  Discussion 

Table  1  shows  the  hirudin  55-62  analogs  prepared  in  this  study  and  their 
inhibition  of  fibrin  clot  formation.  The  ICM  values  presented  in  the  table  were 
estimated  as  the  inhibitor  concentration  required  to  double  the  clotting  time  relative 
to  the  control  at  the  enzyme  concentration  of  0.10  NIH  unit/mL.  Since  die  N- 
terminal  part  of  hirudin  55-65  plays  a  more  important  role  than  the  C-terminal  part 
[1],  we  used  a  truncated  hirudin  C-terminal  form,  hirudin  55-62,  instead  of  the  entire 
tail  of  the  segment  (hirudin  55-65),  in  this  study. 

In  the  first  six  analogs  listed  in  Table  1,  the  effect  of  branching  an  Asp  at  die 
Glu37  side  chain  was  studied  with  three  different  hirudin  55-62  forms.  These  forms 
include  P432,  the  original  hirudin  sequence;  P434,  Glu5*  replaced  by  Pro,  a  hirudin 
variant  that  was  reported  to  have  a  higher  potency  for  the  entire  tail  [3];  and  P436, 
the  cyclic  form  between  the  side  chains  of  Glu3*  and  Lys61  that  also  showed  an 
improved  potency  over  the  original  sequence  [4].  All  tbs  Asp  breached  analogs, 
P433,  P435,  aad  P437,  showed  more  than  a  2-fold  improvement  in  potency 
compared  to  their  counterpart  respectively  in  all  three  forms.  It  seems  that  the 
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Table  1  Inhibition  of  fibrin  clot  formation 


Peptide 

Sequence  (Hirudin  55-62)* 

ICaobtM] 

P432 

Ac-D  F-Glu-E  1 P  E  E-OH 

71.6  ±  2.2 

P433 

Ac-D  F-Glu-E  I P  E  E-OH 

31.4  ±  2.4 

Asp 

P434 

Ac-D  F-Glu-P  I  P  E  E-OH 

29.5  ±  0.2 

P435 

Ac-D  F-G!u-P  I  P  E  E-OH 

12.5  ±  1.5 

Asp 

P436 

Ac-D  F-Glu-f  1 P  If  E-OH 

45.4  ±  2.1 

P437 

Ac-D  F-Glu-E  I P  K  E-OH 

Asp  1 - 1 

18.2  ±  1.2 

P439 

Ac-D  F-Otn-pIPif  E-OH 

>500 

P440 

Ac-D  F-Lys-f  IPlf  E-OH 

>500 

P457 

Ac-D  F-Glu-P  I P  K  E-OH 

Gly 

Ac-D  F-Glu-P  I P  K  E-OH 

55.5  ±  0.4 

P458 

147  ±  2.0 

Mb 

*  All  branched  amino  acids  have  a  carboxyl  terminal  group. 


substitutions  of  the  58th  hirudin  residue  did  not  affect  the  binding  affinity  of  the  Asp 
residue  branched  to  Glu37.  While  more  rigid  structures,  a  cyclizadon  between  Glu38 
and  Lys61,  or  Pro3*  substitution  showed  clear  benefits  for  the  potency  of  the 
truncated  forms  (hirudin  55-62),  this  structural  feature  seems  less  important  for  the 
entire  length  of  the  exosite  inhibitor,  hirudin  55-65.  The  same  cyclization  or 
replacing  Glu38  by  a  Gly  residue  have  little  effect  on  potency. 

Based  on  the  X-ray  data  of  the  hirugen-thrombin  complex,  the  hirudin  Glu37 
side  chain  interacts  only  with  Arg77A  (chymotrypsin  numbering),  via  a  water 
molecule,  at  die  thrombin  exosite  (another  interaction  is  with  Arg73  of  a  symmetric 
thrombin  molecule  in  the  crystal  form)  [5].  Branching  an  Asp  residue  to  the  side 
chain  of  Glu37,  increased  the  length  of  the  side  chains  and  introduced  one  more 
carboxyl  group  to  die  side  chain.  Molecular  graphics  analysis  suggested  that  both 
carboxyl  groups  of  the  branched  Asp  are  close  to  the  guanidine  groups  of  the 
thrombin  residues  Arg73  and  Arg77A.  Therefore,  further  analogs  were  prepared  to 
analyze  the  contributions  of  these  carboxyl  groups. 

One  Asp  residue  can  be  considered  as  a  combination  of  a  Gly  and  a  (J-Ala.  Both 
amino  acids  were  separately  branched  to  the  Ghi57  residue  as  P457  and  P458.  These 
analogs  showed  a  significant  decrease  in  the  potency,  by  4-  and  1 1-fold,  compared 
with  P435.  This  means  that  the  combination  of  the  two  carboxyl  groups  of  the 
branched  Asp  has  some  contributions  to  the  binding.  We  might  think  that  linking 
these  amino  acids  at  the  Glu57  side  chain  should  be  conformadonally  mote  flexible 
than  linking  Asp.  The  high  flexibility  should  be  also  one  reason  for  the  low 
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inhibition  of  two  other  analogs,  P439  and  P440,  where  a  succinic  acid  was  branched 
to  either  an  Orn  or  Lys  residue  at  die  57th  position  of  hirudin.  If  we  compare  P458 
and  P439,  which  have  a  similar  side-chain  length,  there  are  two  structural  differences. 
The  first  one  is  the  different  substitutions  at  the  58th  position,  proline  versus  the 
cyclization,  which  could  only  introduce  a  moderate  variation  of  the  potency.  The 
major  structural  difference  is  a  reversed  amide  bond  at  the  middle  of  the  side  chain  for 
P439  (and  P440).  This  observation  suggested  that  the  'normal'  amide  bond,  which 
links  the  Asp  residue  to  Glu57,  may  also  contribute  to  the  binding  potency. 

In  the  protein-ligand  interactions,  the  side  chain-side  chain  ionic  pair  might 
show  a  moderate  contribution  to  the  binding  due  to  their  conformational  flexibility 
and  the  compensation  with  water  molecules.  However,  the  intermolecular 
electrostatic  interactions  may  have  a  long-range  effect  to  direct  the  ligand  for  an 
initial  recognition  of  binding  sites.  This  might  be  the  reason  why  increasing  the 
number  of  the  negative  charges  of  the  hirudin  (55-62)  analogs,  which  may  be  helpful 
to  recognize  the  'anion  binding  exosite',  can  improve  the  binding  affinity. 

This  study  demonstrated  that  extending  the  length  and  increasing  the  number  of 
negative  charges  at  the  hirudin  Glu37  position  can  improve  the  binding  affinity,  and 
that  a  rigid  structure  at  the  58th  position  in  hirudin  can  also  increase  the  potency. 
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Introduction 

Recent  studies  suggest  that  glycolipids  and  glycoproteins  play  an  important 
biological  role  in  the  attachment  of  bacteria  as  well  as  bacterial  toxins  to 
oligosaccharidic  receptors  expressed  on  host  cell  membranes.  Pertussis  toxin  (PT)  is 
a  virulence  factor  produced  by  the  organism  Bordetella  pertussis  that  binds  to 
glycoprotein  receptors  with  a  terminal  sialyllactosamine  moiety.  PT  is  a  classical  A- 
B  type  toxin,  and  its  lectin-like  activity  is  an  intrinsic  property  of  its  B-oligomer 
which  consists  of  four  different  subunits  (S2  to  SS).  Although  a  serological  or  cell- 
mediated  response  to  PT  that  correlates  with  protection  against  pertussis  disease  has 
not  been  identified,  extensive  evidence  indicates  that  PT  is  an  important  component 
of  any  defined  whooping  cough  vaccine  [1].  The  majority  of  research  efforts  aimed  at 
characterizing  the  functional  domains  of  PT  have  centered  around  the  ADP-ribosyl 
transferase  activity  of  its  A  subunit  There  is  very  little  information  on  the  protein 
sequences  contributing  to  the  lectin-binding  domains  of  PT.  Using  synthetic 
peptides  corresponding  to  selected  segments  of  S2  and  S3  [2],  we  have  shown  that 
PT  may  contain  more  than  one  carbohydrate  binding  domain  in  subunits  S2  and  S3. 
S2  might  bind  to  nonsialyated  glycolipids  while  S3  could  preferentially  bind  to 
gangliosides  [2,  3].  To  determine  which  amino  acid  sequences  are  involved  in  the 
lectin-like  binding  domain(s)  of  PT,  23  peptides  covering  the  entire  sequences  of  the 
four  B-oligomer  subunits  (S2-S5)  were  synthesized.  Each  peptide  was  then  screened 
for  its  ability  to  (1)  bind  to  fetuin  or  ceruloplasmin  and  (2)  inhibit  biotinylated-PT 
binding  to  fetuin  or  ceruloplasmin. 

Results  and  Discussion 

All  pertussis  peptides  were  first  tested  for  their  reactivities  to  biotinylated  fetuin 
using  a  solid-phase  immunoassay  as  previously  described  [2].  Peptides  corresponding 
to  residues  78-98  and  123-134  of  S2;  78-108,  103-127  and  149-176  of  S3;  1-34  and 
68-103  of  S4  reacted  strongly  with  biotinylated  fetuin.  These  peptides  also  bound  to 
biotinylated  ceruloplasmin.  The  binding  of  these  peptides  to  fetuin  was  found  to  be 
specific.  As  shown  in  Figure  1,  synthetic  peptides  (residues  78-98  and  123-154  of 
S2;  78-108,  103-127  and  149-176  of  S3;  and  68-103  of  S4)  were  capable  of 
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inhibiting  the  binding  of  biotinylated  fetuin  to  PT  in  a  competitive  binding 
inhibition  assay  [2]. 
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Fig.  1.  Competitive  inhibition  of  biotinylated  fetuin  binding  to  PT-coated  plate  by  PT 
peptides.  The  experimental  protocol  has  been  previously  described  [2], 


These  results  are  in  agreement  with  our  early  studies  that  rabbit  antisera  raised 
against  peptides  (residues  78-98  of  S2,  78-108  and  148-176  of  S3)  woe  capable  of 
neutralizing  the  toxicity  of  PT  in  the  CHO  cell  clustering  assay  [4].  Furthermore, 
that  most  of  the  peptides  tested  contain  tyrosine  and  lysine  residues.  Earlier  results 
obtained  with  iodinated  PT,  have  revealed  the  functional  importance  of  tyrosine 
residues  in  its  lectin-like  activity  [3].  In  addition,  PT  analogs  with  mutations  in  S2 
(PT-S2(”  ,3>A,  PT-S2(Y,02A'YI03A))  exhibited  reduced  binding  to  fetuin.  Similarly,  PT 
analogs  with  mutations  in  S3  or  S4  (PT-S3<YMA>,  PT-SS*91'93*,  PT-S4<Y4A>  and  PT- 
<j4(Y2iA)>  retained  less  Ann  30%  of  PT  toxicity  in  the  CHO  cell  assay  [6].  Therefore, 
the  peptides  identified  in  this  study  may  represent  lead  compounds  for  die  design  of 
pertussis  toxin  receptor-targeted  drugs. 
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Introduction 

Interleukin-8  (1L-8)  is  a  72  residue  pro-inflammatory  protein  that  stimulates  the 
chemotactic  migration  ami  functional  activation  of  neutrophil  leukocytes  [1],  IL-8  is 
one  of  a  subfamily  of  nine  human  chemokines  that  are  related  in  sequence  and  are 
distinguished  from  other  chemokines  in  having  the  motif  C  X  C  for  the  first  two 
cysteines.  The  NMR  structure  indicates  that  it  is  a  homodimer  which  is  stabilized  by 
formation  of  a  6-stranded  0  sheet  (3  strands  from  each  subunit)  and  by  the  overlying 
ot-helices  [2],  The  monomer  consists  of:  a  highly  disordered  N-terminal  region 
(residues  1-6),  a  flexible  loop  7-18,  a  3I0  helical  turn  (residues  19-22),  P  strand  1 
(residues  23-29),  an  atypical  tarn  (30-35),  P  strand  2  (36-42),  a  type  I  p  turn  (43-46), 
P  strand  3  (47-51),  a  type  I  p  turn  (52-55),  and  a  C-terminal  a  helix  (56-72)  [2], 

IL-8  is  associated  with  a  large  number  of  acute  and  chronic  inflammatory 
diseases  suggesting  that  IL-8  antagonists  could  be  therapeutics Uy  useful.  To  design 
antagonists,  information  regarding  the  structural  regions  that  determine  both  receptor 
binding,  and  also  receptor  triggering,  is  required.  We  have  acquired  this  information 
by  studying  IL-8  structure-activity  relationships.  Appropriately  designed  analogs 
were  chemically  synthesized  using  automated  tBoc/Bzl  chemistry  on  an  Applied 
Biosystems  430A  synthesizer.  After  low-high  HF  deprotection,  the  crude  product 
was  folded  by  air  oxidation  and  purified  by  reverse  phase  HTLC.  Multiple  techniques 
including  electrospray  mass  spectrometry,  isoelectric  focussing  and  amino  analysis 
were  used  to  characterize  the  product  and  verify  authenticity  [3]. 

Results  with  truncation  analogs  demonstrated  that  3  residues,  Glu-4,  Leu-5  and 
Arg-6  (termed  die  ELR  motif)  in  die  flexible  N-terminal  region  were  essential  for 
function  (4].  Single  ammo  acid  substitution  analogs  demonstrated  that  all  three 
amino  adds  were  highly  sensitive  to  modification,  with  the  arginine  being  the  most 
sensitive.  Many  of  the  modified  analogs  were  found  to  be  receptor  antagonists  with 
ICjos  of  8.3-2  pM  [5].  However  the  ELR  motif  was  not  sufficient  for  activity 
because  die  ELR  peptide  and  several  cyclic  and  non -cyclic  peptides  containing  the 
ELR  motif  did  not  bind  to  receptors.  The  most  likely  interpretation  of  these  results 
is  that  dm  ELR  motif  of  IL-8  is  critical  for  receptor  binding  and  activation  but  that 
other  structural  features  are  also  necessary.  This  was  further  investigated  by  design  of 
substitution  analogs  and  a  hybrid  approach. 
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Resalts  and  Discussion 

The  hypothesis  that  additional  structural  features  of  IL-8  other  than  ELR  are 
necessary  was  supported  by  two  analogs  which  had  either  the  7-34  or  9-50  disulfide 
bridge  eliminated  by  conversion  of  the  respective  cysteines  to  ot-aminobutyric  acid, 
and  which  were  inactive.  This  strongly  indicated  the  importance  of  the  compact 
tertiary  structure  for  activity.  Analogs  with  individual  substitutions  covering  the  1- 
35  region  were  designed  to  identify  residues/regions  that,  like  the  ELR  motif,  woe 
highly  sensitive  to  modification  and  by  implication,  involved  in  receptor  binding. 
No  such  regions  were  identified  using  this  approach. 

To  identify  which  structural  features  are  functionally  important,  a  hybrid 
approach  was  used.  The  aim  was  to  convert  the  inactive  related  protein,  IP10  [6], 
into  a  hybrid  protein  with  IL-8-like  function  by  splicing  in  the  minimal  amount  of 
IL-8  sequences.  In  general,  for  this  approach  to  be  effective,  the  surrogate  protein  (in 
this  case  IP10)  must  be  related  but  have  low  overall  sequence  similarity.  IP10  has 
17  residues  that  are  identical  in  IL-8,  and  14  of  these  are  predicted  to  be  involved  in 
maintaining  the  structure.  The  more  solvent  exposed  regions  were  the  focus  of  our 
structure-function  studies  and  the  hybrids  were  carefully  designed  to  maintain  the 
IP10  core  structure. 

An  IP  10  hybrid  containing  IL-8  residues  4-23, 30-35  and  44-49  was  found  to  be 
equivalent  in  activity  to  the  fully  active  control,  IL-8, 4-72,  thus  indicating  that  these 
sequences  were  sufficient  for  conferring  receptor  function.  The  question  remained: 
how  much  of  this  IL-8  structure  is  necessary?  Additional  hybrids  demonstrated  that 
the  30-35  p  turn  is  essential,  but  the  44-49  p  turn  was  not  required. 

Two  hybrids  addressed  the  role  of  the  N-terminal  loop  and  310  turn.  A  hybrid 
with  IL-8  4-10,  16-23,  and  30-35  had  extremely  low  activity,  >100-fold  lower  than 
IL-8, 4-72,  thus  indicating  the  importance  of  residues  1 1-15.  A  hybrid  with  IL-8, 4- 
16  and  30-35  had  detectable  activity  but  this  was  100-fold  lower  than  IL-8,4-72. 
Therefore,  the  3I0  turn  is  also  critical. 

It  is  interesting  to  speculate  as  to  the  role  of  the  loop  and  3I0  turn.  The  N- 
terminal  loop,  residues  10-18,  is  highly  variable  in  the  other  IL-8-related  proteins, 
and  they  also  vary  in  potency  in  IL-8  assays.  Residues  11-15  can  be  substituted 
individually  without  substantially  affecting  function.  (However,  the  results  show 
that  the  region  is  essential.)  Neither  these  substitutions  nor  sequence  comparisons 
suggest  a  clear  explanation  for  the  observation  that  the  region  is  essential.  The  most 
likely  explanation  is  that  the  loop  region  is  directly  involved  in  binding  to  the 
receptor  but  is  not  directly  involved  in  receptor  triggering  and  binding,  as  is  clearly 
the  case  with  the  ELR  region.  Thus  the  loop  region  was  less  sensitive  to 
modification  than  ELR  but  was  still  required  for  binding.  Understanding  the  detailed 
role  of  this  region  will  require  further  analogs  coupled  with  structural  studies.  The 
3)0  turn  is  also  important;  however,  its  role  could  be  structural  and  deviation  from 
the  IL-8  3:10  turn  could  also  affect  the  11-18  loop.  For  example,  the  F21L  analog 
of  IL-8  has  a  significant  reduction  in  activity  and  Phe-21  is  involved  in  aromatic 
interactions  with  Tyr-13,  Phe-17  and  Trp-56. 

The  role  of  die  30-35  turn  may  also  be  structural  as  the  conformation  of  this 
turn  will  affect  the  7-34  disulfide  bridge.  This  disulfide  anchors  the  essential  ELR 
motif.  Furthermore  from  substitution  analogs,  His- 3  3  and  Ala-35  are  not  essential 
and  it  is  probable  that  Gly-3 1 ,  Pro-32  and  Cys-34  have  structural  roles.  Even  though 


655 


I.  Clark-Lewis  et  aL 


Peptide-Receptor  Interactions 


these  residues  could  directly  bind  receptors  as  well  as  determine  the  ELR  position, 
our  hypothesis  is  that  the  role  of  the  30-35  turn  is  conformational. 

In  summary,  we  have  demonstrated  that  the  ELR  motif  is  the  most  critical 
region  for  receptor  activation,  although  the  tertiary  structure  and  N-terminal  loop  are 
also  essential  for  function.  The  f)  turn  that  encompasses  residues  30-35,  and,  via  the 
cysteine  7-34  disulfide  tethers  the  ELR  motif,  is  also  essential.  Evaluating  the 
precise  roles  of  these  regions  will  require  detailed  structural  information  on  the 
analogs  and  further  modifications  to  IL-8  aimed  at  fine  mapping  the  functional 
determinants. 
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Introduction 

Dynorphin  A  (Dyn  A)  is  the  putative  endogenous  ligand  for  the  K  opioid 
receptor.  However,  in  the  mammalian  brain,  Dyn  A  is  highly  potent  at  all  three  of 
the  commonly  accepted  opioid  receptors  (ie:|i:5  IC50's  0.07  :  1.08  :  6.99  nM 
respectively)  and  thus  is  potentially  a  good  lead  for  the  design  of  selective  ligands  for 
all  three  receptors.  To  date  there  are  several  potent  analogues  of  Dyn  A  showing 
moderate  selectivity  for  k  and/or  |i  receptors,  but  none  have  been  found  with  8 
selectivity.  Dyn  A  is  postulated  to  be  comprised  of  a  "message"  sequence 
([Leu3]enkephalin;  residues  1-5)  that  produces  the  opioid  response,  and  an  "address" 
that  targets  the  message  sequence  to  the  K  receptor  (residues  6-17,  or  in  Dyn  A,.,, 
residues  6-11)  (Figure  1)  [1].  Notably  [Leu3]enkephalin  carrying  no  address  sequence 
is  somewhat  8  selective.  We  therefore  wished  to  locate  and  modify  the  regions  of  the 
address  sequence  that  determine  selectivity  to  produce  highly  potent  8  opioid  ligands. 


MESSAGE 


ADDRESS 


Tyr1  Gly  Gly  Phe  Leu  Arg6  Arg7  Be  Aig  Pro  Lys1 1 


Fig.  /.  Dyn  \hu  displaying  message  and  address  regions. 


Results  and  Discussion 


Analogues  of  Dyn  A|.7,  Dyn  Aj.g  and  Dyn  Ai.n  were  prepared  by  standard 
Merrifield  solid  phase  methods  in  which  Arg6  and  Arg7  were  replaced  with  Nle. 
While  DynAi.7-NH2  (1)  was  K  selective,  [Nle^JDyn  Ai.rNH2  (2)  and  [Nle6-7t8]Dyn 
A(.s-NH2  (3)  exhibited  10-fold  and  100-fold  selectivity,  respectively,  for  8  versus  k 
receptors  in  GPB  binding  assay  (Table  1).  These  findings  were  reflected  in  the  GP1 
and  MVD  bioassays  (Table  2).  While  extension  of  the  Dyn  A  address  sequence  in  the 
analogue  [Nle6'7-*]Dyn  A,.,,-NH2  (4)  altered  the  selectivity  ratios  slightly,  binding 
at  the  5  receptor  was  still  favored  and  potency  at  all  opioid  receptors  was  enhanced  in 
the  GPB. 
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28.1 

9.55 

169 
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1.17 

149 

173 

•vs.  [3H]U-69593.  Ns.  [jH]PL-!7  and  'vs.  [3HKp-Cl)DPDPE. 

1:  DynA,.rNH2,  2:  [Nk^7]DynA|.rNH2,  3:  [Nle^lDynAj.g-NHj, 

4:  [Nle^’^JDynA,.,  pNHj,  5:  [Dftm2-3-  Nle6,7,8]Dy  nA i . ,  i  -NH2, 

6:  [I»fcii2JVii5Jlle6’7’g]DyiiA,.n-NH2.  7:  [Wen2,  Cys3,  Nle^lDynA,.,,-!^. 


Table  2  Inhibitory  potencies  ( IC nM)  in  mouse  vas  deferens  (MVD)  and  guinea 
pig  ileum  (GPI)  bioassays 
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29.0 
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7.4 

•vs.  Id  174864  (1000  nM,  B  antagonist),  Ns.  nor-BNI  (10  nM,  k  antagonist)  and  'vs. 
CTAP  (1000  nM,  )t  antagonist).  n.s.:  no  significant  shift  was  observed.  n.d.:  not 
determined. 
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This  group  has  previously  reported  that  the  cyclic  peptides  [D-Pen2,D- 
Pen5]enkephalin  (DPDPE)  and  [D-Pen2,L-Pen5]enkephalin  (DPLPE)  are  highly 
potent  5  selective  ligands  [2].  We  therefore  synthesized  chimeric  hybrid  analogues  of 
Dyn  A].u  containing  DPDPE  in  the  message  1  -  5  positions  and  the  8  selective 
modified  Dyn  A  address  sequence  in  positions  6-11.  While  [D-Pen2’s,N]e6’7-8]Dyn 
Aj.n-NHz  (5)  was  moderately  5  selective  it  displayed  weak  binding  and  analgesia. 
However  substitution  of  D-Pen5  with  L-Pen  produced  a  highly  potent  S  selective 
ligand  (6)  indicating  that  an  L  residue  is  essential  in  position  5  of  extended 
sequences.  Replacement  of  L-Pen5  with  L-Cys  provided  a  ligand  (7)  with  increased 
potency  in  the  GPB  and  strong  S  opioid  activity  in  the  MVD  (ICjq  0.8  nM). 

In  modifying  the  address  sequence  of  Dyn  Ai.M  to  alter  the  selectivity  of  this 
peptide  hormone  between  the  opioid  receptors  we  have  demonstrated  that  the  address 
sequence  can  in  fact  be  subdivided  into  two  regions.  An  address  proper  or  "selector" 
region  responsible  for  selectivity  is  located  at  positions  6  and  7  (e.g.,  Arg6-Arg7  in 
the  case  of  K  selectivity);  while  residues  8-1 1  define  a  "potentiator"  region  [3]  which 
increases  potency  at  all  three  opioid  receptors  (see  Table  1,  peptides  1, 2, 3  and 
Figure  2).  As  we  have  shown  hoe,  proper  choice  of  message  sequence  and  selector 
region  in  Dyn  A  analogues  can  in  principle  be  utilized  to  produce  potent  and  selective 
ligands  for  all  three  (k,  p  and  5)  opioid  receptors. 


MESSAGE 

SELECTOR 

POTENTIATOR 

Triggers 

Address  Proper 

Enhances  potency 

receptors 

Defines  selectivity 

at  all  opioid  receptors 

eLeu^l  X6  X7  / 


Tyr'  Gly  Gly  Phe 
Fig.  2.  Breakdown  of  address  into  selector  and  potentiator  regions. 
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Introduction 

Endothelin-1  (ET-1)  is  a  21  residue  peptide  hormone  with  potent  cardiovascular 
effects.  Two  types  of  receptors  are  known  for  endothetin:  ETa  and  ETb  [1, 2].  In  this 
study  we  investigate  the  conformational  preferences  of  three  structural  classes  of 
competitive  ET-1  antagonists  at  the  ETa  receptor  and  compare  them  to  define 
putative  shared  pharmacophores.  The  first  compound  modeled,  a  linear  hexapeptide 
[Ac-D-Dip,-Leu2-Asp3-Ile4-Ile3-Trp6]  (Antagonist  I),  is  a  functional  antagonist  at 
both  ETa  and  ETb  receptors  [3,  4],  Cyclo[D-AspI-Pro2-D-Val3-Leu4-D-Trp5] 
(Antagonist  II)  is  a  cyclic  pentapeptide  which  is  selective  for  the  ETa  receptor  [5, 6]. 
The  third  antagonist  modeled  is  a  natural  product  steroid,  myriceron  caffeoyl  ester 
(Antagonist  III),  which  is  also  selective  for  ETa  [7,  8].  We  define  and  evaluate 
pharmacophore  hypotheses  which  relate  putative  receptor  bound  conformations  of  the 
three  classes  of  ETa  receptor  antagonists  to  one  another. 

Results;  and  Discussion 

Databases  of  energetically  accessible  conformations  of  each  antagonist  were 
generated  using  high  temperature  molecular  dynamics  and  systematic  search 
strategies.  Pharmacophore  hypotheses  are  defined  by  three  dimensional  patterns  of 
descriptor  centers  (structural  features  critical  for  activity)  that  are  shared  by  the 
conformers  of  the  antagonists  included  in  the  databases.  Since  only  certain  features 
of  each  of  the  three  classes  of  antagonists  are  reported  to  be  critical  for  activity  [3-8], 
we  focus  on  side  chain  and  backbone  carbonyl  descriptors  for  the  peptide  antagonists. 
Pharmacophore  hypotheses  were  identified  using  an  expat  system  which,  given  die 
database  of  conformers  for  each  bioactive  molecule,  is  targeted  to  identify  shared 
structural  patterns  that  may  be  associated  with  biological  activity  (APEX-3D)  [9-10]. 
This  approach  provides  a  3D  representation  of  the  three  molecules  in  which  the 
individual  conformers  are  overlaid  according  to  the  pharmacophore  hypothesis. 

To  simplify  the  problem,  we  first  matched  the  cyclic  pentapeptide  (Antagonist 
II)  to  the  steroid  and  then  in  a  second  step  matched  the  hexapeptide  (Antagonist  I)  to 
the  steroid.  We  define  a  matching  hypothesis  in  which  the  descriptor  centers  are 
divided  into  classes  (hydrophobic  side  chains,  aromatic  rings,  carboxylic  acids.  El- 
bond  acceptor/donor  sites,  carbonyls)  and  any  member  of  a  given  descriptor  center 
class  for  one  molecule  may  be  matched  to  any  member  of  that  descriptor  class  in 
another  molecu’e.  Multiple  pharmacophore  hypotheses  woe  defined  and  evaluated. 
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Using  the  appropriate  coe  former  overlay,  we  determined  the  molecular  volume  of 
each  antagonist,  the  volume  common  to  all  three  molecules  (common  volume),  the 
union  of  volumes  shared  by  any  two  antagonists  (shared  volume),  and  the  volume 
which  is  occupied  by  any  antagonist  but  not  shared  (excluded  volume). 
Pharmacophore  hypotheses  for  which  the  common  and  shared  volume  is  maximal 
and  the  excluded  volume  is  minimal  are  ranked  highest  and  the  associated 
conformations  of  the  three  antagonists  are  putative  bioactive  conformations.  An 
optimal  hypothesis  (Figure  1)  identified  in  this  manner  matches  the  side  chains  of 
Asp1  of  the  pentapeptide  and  Asp3  of  the  hexapeptide  to  the  carboxylic  acid  moiety  of 
the  steroid,  the  carbonyls  of  Leu4  of  the  pentapeptide  and  of  Dip1  in  the  linear 
hexapeptide  to  the  ester  carbonyl  in  the  steroid,  and  the  side  chain  of  Val3  of  the 
pentapeptide  to  C4  in  ring  A  in  the  steroid,  and  one  of  the  aromatic  rings  in  Dip1  in 
the  hexapeptide  to  the  aromatic  ring  side  chain  in  die  steroid. 

Antagonist  I :  linear  hexapeptide 

[Ac-D-Dip1-Leu2-Asp3-ne4-ne5-Trp6] 

Antagonist  II:  cyclic  pentapeptide 

cyclo  [D-Asp'-lW-D-Val3-  LeuAD-Trp5] 

Antagonist  III:  myriceron  caffeoyl  ester 


Fig.  1.  In  one  of  the  optimal  overlaps  we  identified,  the  side  chains  of  Asp1  of  the 
pentapeptide  and  Asp 3  of  the  hexapeptide  are  matched  to  the  carboxylic  acid  moiety  of  the 
steroid,  the  carbonyls  of  Letfi  of  the  pentapeptide  and  Dip1  of  the  hexapeptide  are  matched 
to  the  ester  carbonyl  in  the  steroid,  the  side  chain  of  Vat3  of  the  pentapeptide  is  matched 
to  C4  in  the  steroid  and  one  of  the  aromatic  rings  in  Dip1  of  the  hexapeptide  is  matched  to 
the  aromatic  ring  side  chain  in  the  steroid. 
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Putative  pharmacophore  hypotheses  defined  for  ETa  receptor  antagonists  will  be 
used  as  a  starting  point  for  the  design  of  novel  compounds  in  the  search  for  new 
antagonists.  The  strategy  used  in  the  identification  of  pharmacophore  hypotheses  is 
general  and  can  be  wed  for  series  of  bioactive  molecules.  When  constrained  analogs 
are  included,  the  number  of  possible  pharmacophores  is  reduced. 
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Introduction 

The  beat-stable  enterotoxins  are  a  group  of  small  homologous  peptides 
elaborated  by  enterotoxigenic  strains  of  bacteria  [1].  They  are  collectively 
responsible  for  a  large  proportion  of  worldwide  cases  of  secretory  diarrhea  in  human 
and  animals.  These  enterotoxins,  abbreviated  ST  I  (or  STA),  are  known  to  bind  to 
receptors  located  on  the  brush  border  surface  of  intestinal  cells  [2],  and  to  cause  an 
elevation  of  intracellular  cGMP  levels  [3-5].  The  binding  of  the  enterotoxin  to  its 
receptor  is  coupled  to  the  activation  of  a  guanylate  cyclase.  cGMP  acts  as  the 
intracellular  second  messenger  causing  the  eventual  onset  of  diarrhea.  Recently,  a 
naturally  occurring  peptide  termed  guanylin,  was  isolated  from  rat  jejunum  and  found 
to  activate  a  particulate  form  of  guanylate  cyclase  present  on  the  human  colonic 
carcinoma  cell  line,  T84  [6].  Guanylin  was  able  to  displace  the  binding  of  ,25I- 
labeled  ST  I  to  receptors  on  the  surface  of  TM  cells.  This  15-amino  acid  long  peptide 
is  homologous  in  sequence  to  a  region  of  ST  I,  abbreviated  ST  Ib(6-18),  that  codes 
for  its  receptor  binding  and  enterotoxigenic  properties  [7-9]  (Figure  1).  As  a 
consequence  of  structural  and  functional  similarities  between  guanylin  and  ST  I,  one 
would  expect  guanylin  to  cause  diarrhea  in  mammals  at  a  concentration  relative  to  ST 
I  that  parallels  its  ability  to  inhibit  the  binding  of  radiolabeled  ST  I  to  intestinal 
cells.  In  this  study,  we  report  that  guanylin  is  not  entcrotoxk  and  propose  that  ST  I 
enterotoxins  may  represent  long-lived  superagonists  of  guanylin. 

Results  and  Discussion 

We  report  the  synthesis  of  guanylin  and  a  second  guanylin  analogue,  termed 
N*Pl0guanylin,  which  is  a  closer  homologue  of  ST  lb  (Figure  1),  particularly  within 
the  central  region  of  the  ST  lb  molecule  (residues  1 1-14).  This  turn  region  was 
previously  found  to  be  the  most  important  region  of  ST  lb  in  terms  of  biological 
activity  and  is  particularly  sensitive  to  amino  add  substitutions  [9].  The  objectives 
of  tins  study  were  thus  twofold:  to  quantitatively  compare  the  biological  activities  of 
guanylin  and  ST  Ib(6-18)  using  established  in  vitro  and  in  vivo  assays  and  to 
compare  the  structural  domain  of  guanylin  to  that  of  ST  I  in  order  to  evaluate  if 
guanylin  represents  an  appropriate  peptide  scaffold  for  the  design  of  potent  ST  I 
antagonists. 
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4  S  e  7  8  8  10  11  12  13  14  15  16  17  18  19 


STfeAsnSer  Sat  Am  Tyr 
8Tfc(8-18) 

Guanylin  Pro  Asn  ThrlCys  Glu  II*  Cyt 

N*PMguanyNn  Pro  Aw  Thr  Cys  Glu  He  Cyt 


Cyt  Cyt  Glu  Leu  Cyt  Cyt  Aon  Pro  Ala  Cya  Thr  Qty  Cya  Tyr 
Cya  Cya  Glu  Lau  Cya  Cya  Aan  Pro  Ala  Cya  Thr  Qty  Cya 

Ala  Cya  Thr  Gly  Cya 


Ala  Tyr  Ala 


Aan  Pro  Ala  Cya  Thr  Gly  Cya 


Fig.  1.  The  amino  acid  sequences  of  the  E.  coti  heat-stable  enterotoxin  ST  lb  and  the  three 
peptides  prepared  for  this  study ;  ST  Ib(6-I8),  guanylin  and  N9P,0guanylin.  Numbering 
refers  to  the  position  of  the  amino  acids  in  relation  to  the  ST  lb  sequence.  ST  Ib(6-18) 
corresponds  to  the  biologically  active  domain  of  ST  lb  [7-9],  Regions  of  sequence 
homology  are  boxed.  The  substitution  Let?  -*  He  represents  a  conserved  substitution 
observed  in  other  ST  I  sequences.  All  peptides  were  synthesized  as  described  elsewhere 
19}. 

Table  1  Biological  properties  of  ST  lb(6-18),  guanylin  and  N9P,0guanylin 


Peptide 

ICjo(M)» 

EDjq  (mole)b 

GC50  (M)0 

STIb(6-18) 

3.0  x  10-* 

2.5  x  10-12 

1  o-8 

Guanylin 

10« 

>3.0  x  10* 

7.0  x  10-7 

N9P10guanylin 

6.0  x  10-5 

3.2  x  10-'° 

6.3  x  10* 

aICS0,  peptide  concentration  required  to  inhibit  50%  of  the  specific  binding  of 
radiolabeled  Y4ST  Ib(4-18)  to  rat  vilhis  cells;  bEDJ0,  peptide  dose  required  to  cause  a  half- 
maximal  increase  in  gut-to-caicass  weight  ratio  after  an  oral  administration  of  the 
analogue  to  infant  mice;  CGCJ0,  peptide  concentration  required  to  cause  a  half-maximal 
activation  of  intestinal  guanylatc  cyclase. 

The  binding  of  guanylin  analogues  to  the  ST  I  receptor  on  rat  small  intestinal 
villus  cells  was  assessed  by  measuring  their  ability  to  compete  with  radiolabeled  ST  I 
for  receptor  sites  on  enterocytes  [7,  9].  As  shown  in  Table  1,  synthetic  guanylin 
displaced,  in  a  concentration-dependent  manner,  the  binding  of  ,25I-Y4ST  Ib(4-18)  to 
receptors  on  rat  intestinal  cells  with  an  IC^  value  30-fold  higher  than  ST  Ib(6-18). 
The  peptide  N9Pl0guanylin,  on  the  other  hand,  was  -  2000-fold  less  active  than  ST 
Ib(6-18)  in  the  binding  assay  (Table  1).  The  capacity  of  ST  I  analogues  to  cause 
intestinal  fluid  accumulation  in  infant  mice  [10]  correlates  well  with  their  ability  to 
bind  to  rat  vilhis  cells  [7, 9].  Guanylin  was  unable  to  cause  diarrhea  in  mice  except 
at  concentrations  4  orders  of  magnitude  higher  than  ST  Ib(6-18)  (Table  1).  In 
contrast,  N9?10  guanylin  was  only  125-fold  less  active  than  ST  Ib(6-18)  in  this 
experiment  (Table  1).  If  a  single  class  of  ST  I  receptors  existed  that  was 
mechanistically  linked  to  the  onset  of  diarrhea,  one  would  expect  guanylin  to  act  as 
an  antagonist  and  block  diarrhea  induced  by  ST  I.  Experimentally,  guanylin  was 
unable  to  act  as  an  antagonist  since  diarrhea  was  observed  in  ail  suckling  mice  even 


B.  Carpick  and  J.  Garitpy 


Peptide-Receptor  Interactions 


at  a  molar  ratio  of  guanylin  to  ST  Ib(6-18)  of  102  (10-9  mole  guanylin  to  10-11  mole 
ST  Ib(6-18»  (data  not  shown).  Both  guanylin  analogues  were  assayed  for  their 
ability  to  activate  rtf  intestinal  brush  border  guanylate  cyclase  in  relation  to  ST  Ib(6- 
18).  Results  presented  in  Table  1  indicate  that  the  pattern  of  activation  of  guanylate 
cyclase  for  the  three  peptides  mirrors  their  pattern  of  binding  affinities  for  the  ST  I 
receptor.  Structural  differences  between  guanylin  and  ST  I  enterotoxins  may  explain 
their  differences  in  causing  fluid  accumulation.  The  simplest  model  would  view  ST  I 
as  a  long-lived  superagonist  of  guanylin,  and  show  that  processing  or  clearance  of  ST 
I  from  the  guanylin  receptor  is  not  as  efficient  as  in  the  case  of  guanylin  causing  a 
chronic  activation  of  the  guanylate  cyclase.  The  tyrosine-alanine  segment  present  in 
the  sequence  of  guanylin  is  the  only  site  absent  in  ST  I  enterotoxins  which  represent 
a  substrate  region  susceptible  to  protease  digestion  (putative  chymotryptic  site; 
Figure  1).  Preliminary  experiments  indicate  that  guanylin's  ability  to  bind  to  the  rat 
villus  ST  I  receptor  is  lost  within  minutes  of  exposure  to  chymotrypsin  while  the 
binding  of  N9P1(*guanylin  as  well  as  ST  1(6-18)  to  intestinal  cells  remains  unaffected 
by  such  a  treatment  even  after  3  hours.  Thus  the  susceptibility  of  guanylin  to 
chymotrypsin  digestion  suggests  that  the  conserved  Asn-Pro  sequence  present  in  all 
ST  I  enterotoxins  increases  dramatically  their  biological  half-life  and  dictates  their 
enterotoxicity. 
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Introduction 

Hypertrehaloaemic  hormone  (HTH)  stimulates  the  insect  fat  body  to  synthesize 
and  release  trehalose  into  the  hemolymph  for  use  as  an  energy  source  by  other 
tissues.  It  was  isolated  from  whole  head  extracts  of  the  cockroach  Blaberus 
discoidalis  and  was  found  concentrated  in  the  major  insect  neurosecretory  gland  (the 
corpora  cardiaca)  located  at  the  base  of  the  brain  [1].  The  peptide  is  a  member  of  the 
adipo kinetic  hormone  family  (AKH)  and  possesses  many  of  the  conserved  family 
traits  [2].  It  is  a  blocked  decapeptide  with  a  C-terminal  amide,  has  a  pGlu  residue  at 
the  N-terminus  and  two  aromatic  residues  at  positions  4  and  8,  and  has  no  charge 
(Table  1).  Other  members  of  the  AKH  family  stimulate  the  release  of  other 
metabolites  from  the  insect  fat  body  (i.e.,  lipid  and  amino  acids),  stimulate  heart 
contractions,  or,  when  found  in  crustaceans,  stimulate  pigment  concentration  in  the 
epidermis.  This  report  will  concentrate  on  the  description  of  initial  structure-activity 
studies  and  how  this  information  is  being  used  to  develop  a  photoaffinity  label  to 
study  the  properties  of  HTH  receptors. 

Results  and  Discussion 

Structure-activity  studies  have  been  used  to  gain  an  impression  of  how  HTH 
binds  and  activates  its  receptor.  Analogs  have  been  prepared  by  standard  tBoc 
chemistry  on  a  Milligen-Biosearch  9500  instrument.  After  purification  by  RP- 
HPLC,  the  correct  synthesis  and  homogeneity  of  each  peptide  was  confirmed  by 
analytical  HPLC,  amino  acid  analysis  and  mass  spectrometry.  The  ability  for  each 
analog  to  stimulate  trehalose  production  was  evaluated  with  an  in  vivo  assay  and 
often  confirmed  with  an  in  vitro  assay  using  fragments  of  insect  fat  body  tissue  in 
temporary  organ  culture  [3]. 

Previous  structure-activity  studies  have  defined  many  of  the  important  aspects 
of  how  biological  information  is  encoded  in  the  structure  of  HTH.  Single  amino  acid 
replacement  analogs  helped  determine  that  the  most  critical  side  chains  were  pGlu', 
Phe4,  and  Trp8  [4].  Further,  the  ring  nature  of  the  pGlu  seems  important  and  the 
aromaticity  of  the  Phe  and  Trp  is  required  [5].  The  double  ring  structure  of  the  Trp  is 
also  needed  for  full  potency. 
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Table  1  Comparison  <4  HTH  analog  structure  and  potency  values  from  the 

_ kwertrekalooemk  assay _ 


iTpuoe 

EDjo(pn»le  injected) 

pQVNFS PGWGTami de  (HTH) 

1 

Ac-PSFNVGPVNFSPGWGTamide 

2 

SINGLE  D-AA  REPLACEMENT  ANALOGS: 

pQVNFSPGWGTamide* 

10 

pQVNFSPGWGTamide 

350 

pQVNFSPGWGTamide 

NA 

pQVNFSPGWGTamide 

150 

pQVNFSPGWGTamide 

NA 

pQVNFSPGWGTamide 

30 

pQVNFS PNWGTam i de 

1 

pQVNFSPGWGTamide 

NA 

pQVNFS  PGWATamide 

90 

pQVNFSPGWGTamide 

9 

fi£VN  F  SP  G  WGTamide 

>1000 

pQXN  F  SP  G  WGTamide 

100 

pQVN  X  SP  G  WGTamide 

2 

pQVN (XI) SP  G  WGTamide 

NA 

pQVN  F  SP  X  WGTamide 

NA 

pQVN  F  SP( KB) WGTamide 

NA 

pQVN  F  SP  G  XGTamide 

30 

pQVN  F  SP  G  WGXamide 

100 

TRI-Ser  TETHER  ANALOGS: 

AcSSSPVNFSPGWGTamide 

185 

pQVNFSPGWGTamide 

(Ac-SSSK) 

NA 

pQVNFSPGWGTamide 

(Ac-SSSK) 

1 

pQVNFSPGWGGamide 

(Ac-SSSK) 

60 

pQVNFS PGWGGamide 

(Ac-SSSK) 

60 

pQVNFS PGWGTSSSamide 

100 

'Abbreviations:  pQ  represents  pyroglutamic  acid;  Ac  represents  a  N-acetyl  moiety; 
Underlined  amino  acids  differ  from  native  HTH;  Double  underlined  amino  acids  are  in  the 
D-configuration;  NA  means  not  active;  B  represents  the  Bohon-Hunter  reagent;  (KB) 
represents  the  Bokon-Hunter  reagent  attached  to  the  epsilon  amino  group  of  Lys;  (Y*) 
represents  an  iodinated  Tyr;  X  represents  the  attachment  site  for  a  branched  peptide  chain 
through  the  epsilon  amino  group  of  Lys  (the  sequence  of  the  branch  is  shown  in 
parentheses). 
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A  series  of  analogs  where  a  single  amino  acid  was  replaced  with  its  D- 
enantiomer  were  compared  with  the  bioassay  system  to  gain  initial  indications  where 
important  conformational  elements  might  be  located  or  induced  for  receptor 
interaction  (Table  1).  The  loss  of  activity  or  potency  around  the  aromatic  amino 
acids  confirms  the  importance  of  these  residues  towards  the  biological  activity  of 
HTH.  One  explanation  for  the  loss  of  potency  and  activity  within  the  N-terminal 
pentamer  of  HTH  is  that  a  chiral  repetitive  structure  may  be  disrupted  in  the  analog 
when  it  is  bound  by  the  receptor(s).  An  examination  of  HTH  in  detergent  micelles 
by  CD  and  NMR  indicates  that  the  N-terminal  pentamer  of  HTH  has  tendencies  to 
form  a  0-strand.  A  special  N-terminally  extended  analog  of  HTH  has  near  full 
activity  and  potency  (Table  1).  That  analog  was  designed  to  have  an  additional  turn 
and  strand  to  promote  the  formation  of  a  small  0-sheet  and  thereby  stabilize  the 
postulated  P- strand  for  the  native  hormone. 

The  relatively  high  potency  of  the  HTH  analogs  that  have  D-amino  acids  in 
positions  6  or  7  is  a  first  indicator  that  a  turn  centered  around  the  Pro-Gly  sequence 
may  be  important  for  the  biological  activity  of  the  hormone.  The  inactivity  of  the 
single  amino  acid  deletion  analogs  of  HTH  corresponding  to  positions  4  through  8  is 
consistent  with  emphasizing  the  importance  of  the  spacing  between  the  critical 
aromatic  amino  acids.  That  spacing  would  contain  the  suspected  p-turn.  The  design 
of  a  photoaffinity  label  to  better  study  the  properties  of  HTH  receptors  must  include  a 
site  for  radioiodination.  However,  attempts  to  either  incorporate  a  site  for  iodination 
or  to  iodinate  acceptable  sites  resulted  in  analogs  that  were  inactive  or  had 
unacceptably  low  potencies  (Table  1).  Tri-Ser  tether  analogs  were  designed  to  have 
hydrophilic  probes  to  explore  for  channels  out  of  the  likely  receptor  sites  (Table  1). 
The  aim  of  additional  analogs  is  to  attach  radioiodination  and  photocrosslinking  sites 
outside  the  region  of  HTH  that  is  critical  for  receptor  interaction.  The  construction 
of  a  branched  chain  analog  at  position  7  in  the  D-configuration  is  the  best  candidate 
to  continue  this  approach.  The  acceptance  of  the  large  hydrophilic  D-tether  and 
rejection  of  the  large  L-tether  is  consistent  with  a  turn  localized  around  the  Pro-Gly 
sequence  when  HTH  interacts  with  its  receptor(s).  Active  analogs  with  potential  as 
photoaffinity  probes  have  been  prepared.  However,  additional  progress  is  needed  to 
develop  more  soluble  analogs  after  radioiodination. 
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Introduction 

It  has  been  known  that  central  and  peripheral  administration  of  sulfated 
cholecystokinin26.33  (CCK-8)  can  cause  analgesia  [1].  The  mechanism  is  unknown, 
but  postulated  to  be  an  allosteric  interaction  between  CCK-B  and  opioid  receptors. 
Recently  we  have  reported  [2]  that  certain  CCK  analogues  that  bind  selectively  to 
CCK-B  receptors  and  5  opioid  receptors  can  produce  analgesia.  We  report  further 
evidence  in  support  of  this  observation,  and  suggest  that  CCK-B  and  5  opioid 
receptors  have  overlapping  topographical  structural  requirements  for  their  agonist 
ligands. 

Results  and  Discussion 

The  syntheses  of  the  CCK-8  analogues  described  here  were  accomplished  using 
solid  phase  synthetic  methods  and  purification  methods  similar  to  those  previously 
reported  [3].  Purity  of  the  final  products  was  established  by  reversed  phase  HPLC, 
TLC,  FAB-MS  and  amino  acid  analysis. 

Binding  affinities  of  ligands  for  CCK-A  and  CCK-B  receptors  were  determined 
[2,  3]  using  guinea  pig  pancreatic  and  guinea  pig  cortex  membranes,  and  Bolton- 
Hunter  labeled  ,25I-CCK-8  and  [3H]SNF-8702,  respectively.  Binding  assays  were 
performed  as  previously  outlined.  Opioid  receptor  binding  assays  were  performed 
using  guinea  pig  whole  brain  membranes.  The  radiolabelled  ligands  used  to  label  p, 
8  and  K  receptors  respectively  were  [3H]CTOP,  [3H][4'-Cl-Phe4]DPDPE  and 
[3H]U69,593.  Mouse  hot  plate  analgesic  experiments  were  performed  using  standard 
procedures  using  a  55'C  hot  plate  and  a  30  sec  cut  off  for  detection  of  nociception. 

Table  1  summarizes  binding  data  for  CCK-8  (sulfated)  and  six  CCK-8  analogues 
that  possess  high  CCK-B  receptor  potency  and  selectivity,  as  well  as  5  opioid 
agonist  potency  (mouse  vas  deferens;  MVD)  and  hot  plate  potency.  The  analogues 


V.J.  Hruby  et  at. 


Peptide-Receptor  Interactions 


Table  1  Binding  affinities,  bioassay,  and  analgesic  data  for  CCK-8  and  selected 
cholecystokuiin  analogues 


Compd 

No. 

Binding  Affinity  (ICy,  in  nM) 

It 

8 

CCK-B 

CCK-A 

MVD 

Hot  Plate 

RVfiTjVjJ 

EXSJH 

EQB 

40% 

■H 

Mfpwj 

1.01® 

2jJ|  1 

1.3 

N.DC 

3.3 

8.6 

B 

rTrriwmr 

2,600 

230 

mm 

0.086® 

900 

2.4 

n.d. 

N.D. 

1.4 

17 

1.4 

H 

29® 

0.79® 

ImMJ 

71 

0.55 

•From  Ref.  [3];  b  I. A.  =  inactive;  c  N.D.  =  not  determined. 


tested  woe:  Asp-Tyr-N-MeNle-Gly-Trp-N-MeNle-Asp-Phe-NHj  (1);  Asp-TyifS03H)- 
Be-Gly-Trp-Nle-Asp-Pbe-NHj  (2);  Asp-Tyr-t-L-^-MePbe-Gly-Trp-N-MeNle-Asp- 
Phe-NH2  (3);  (S03H)Asp-Tyr(S03H)-t-L-p-MePhe-Gly-Trp-N-MeNle-Asp-Phe-NH2 
(4);  Asp-Tyr-N-MeNle-Gly-Trp-N-MeNle-Asp-p-NOjPhe-NHj  (5);  and  Asp-Tyr-D- 
Phe-Gly-Trp-N-MeNle-Asp-Phe-NH2  (6).  Careful  statistical  analysis  of  all  results 
was  performed,  but  are  not  provided  for  clarity.  Kappa  receptor  binding  potencies 
were  weaker  than  15,000  nM. 

All  analogues  have  high  potency  at  the  CCK-B  receptor  (about  0.1  nM  to  3 
nM)  and,  with  the  exception  of  4,  low  potency  at  the  CCK-A  receptor  (1,000  to 
>10,000  nM).  Neatly  all  compounds  have  very  weak  p  binding  affinity,  compounds 
1  to  4  have  modest  binding  to  5  receptors  (500-1,000  nM  ICjq)  and  6  binds  well  (29 
nM  K^j).  In  the  in  vitro  8  receptor  assay  (MVD)  1-6  showed  variable  potency  (17 
to  2,600  nM).  All  MVD  activities  were  reversed  by  the  8  antagonist  ICI  174,864, 
but  not  by  the  p  antagonist  CTAP.  In  the  hot  plate  analgesic  assay,  i.c.v. 
administration  demonstrated  quite  potent  activity  except  for  CCK-8  and  analogue  3. 
The  analgesic  activity  was  unaffected  by  the  CCK-B  antagonist  L365.260  or  the 
potent  p  antagonist  CTAP.  Thus  the  analgesic  activity  of  the  CCK-8  analogues  1-6 
appears  to  be  directly  due  to  its  binding  to  the  8  opioid  receptor  and  not  to  the  p  or 
CCK-B  receptor.  The  exact  mechanism  of  action  is  under  further  investigation. 

These  results  led  us  to  examine  a  possible  similarity  in  the  structural  or 
topochemical  requirements  for  8  and  CCK-B  receptors.  Previous  studies  using 
NMR,  molecular  mechanics  calculations,  topographical  constraints  in  the  Phe4  and 
Tyr’  positions  [4,  5]  and  calculations  of  low  energy  conformations,  suggest  a 
topographical  model  for  the  "bioactive  conformation"  of  the  8  opioid  receptor  ligand 
[D-Pfcn*,  D-P£ns]enkephalin  (DPDPE)  (Figu.e  1)  [6].  Recently,  using  a  similar 
approach,  we  have  suggested  a  "bioactive  conformation”  for  CCK-8  at  CCK-B 
receptors  (Figure  1)  [7].  Examination  of  these  proposed  bioactive  conformations 
demonstrates  topographical  similarity  of  the  surfaces  containing  the  Phe  and  Tyr 
moieties  (Figure  1).  The  rather  bulky  Tip  residue  in  the  CCK-8  conformation  on  the 
same  surface  as  the  other  aromatic  side  chains  may  explain  the  somewhat  different 
potencies  of  the  two  ligands  at  8  receptors.  These  resuits  suggest  that  at  least  in  part 
8  opioid  receptors  and  CCK-B  receptors  have  overlapping  stereostructural  and 
topographical  requirements  involving  these  aromatic  side  chain  residues. 
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Fig.  1.  Stereoviews  of  proposed  bioactive  conformations  of  DPDPE  and  l(2S,3S)f)- 
MePhe*]DPDPE  (top)  and  CCK  (bottom)  at  S  opioid  and  CCK-B  receptors. 
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Introduction 

The  adherence  of  bacteria  to  host  cells  often  involves  specific  interactions 
between  receptors  on  cell  surfaces  and  bacterial  adhesins,  molecules  that  confer 
attachment  properties  [1].  Pathogenic  bacteria  often  employ  adhesins  that  have 
lectin-like  properties  and  mediate  binding  to  glycoconjugate  receptors  [2,  3]. 
Pseudomonas  aeruginosa  employs  a  pilus  adhesin,  a  filamentous  structure  that  is  a 
polymer  of  pilin  subunits,  to  mediate  attachment  to  epithelial  cell  surfaces  [4],  We 
have  previously  demonstrated  that  the  C-terminal  disulfide-looped  region  of  the 
Pseudomonas  pilin  structural  subunit  confers  the  receptor-binding  property  to  the 
pilus  [5, 6].  In  the  present  studies,  we  show  that  pili  from  P.  aeruginosa  strain  PAK 
and  synthetic  peptides  corresponding  to  the  C-terminal  region  of  the  pilin  PAK 
sequence  possess  lectin-like  properties. 

Results  and  Discussion 

Previous  studies  have  demonstrated  that  PAK  and  PAO  pili  bound  to  the 
glycosphingolipid,  pG^(l-3)pGalNAc(l-4)PGaKl-4)pGlc-cerainide  (asialo-GM,),  but 
not  to  monosiak>-GM|  in  direct  and  competitive  ELIS  As  [7].  It  has  been  suggested 
that  the  minimal  carbohydrate  receptor  sequence  consists  of  pGalNAc(  1  -4){JGal  [2]. 
Using  synthetic  PGalNAc(  1  -4)0Ga]-BS A  conjugates  as  immobilized  receptors,  PAK 
pili  was  observed  to  bind  tv  hese  disaccharides  in  a  concentration-dependent  manner 
but  no  significant  bidding  to  a  control  that  consisted  of  f)GlcNAc(  1  -3)PGal(  1  -4)pGlc- 
BSA  was  observed  (Figure  1).  These  lectin-like  properties  were  specific  as  the  free 
synthetic  disaccharides  inhibited  PAK  pili  binding  to  the  immobilized  conjugated 
receptors.  A  maximal  inhibition  of  30%  was  obtained  at  the  highest  concentration  of 
die  disaccharide  hapten  esters  employed  (Table  1).  The  low  level  of  inhibition  may  be 
due  to  the  multivalency  of  pilus  adhesin  (-5  binding  domains  are  displayed  at  the  tip 
of  the  pilus)  and  clustering  of  receptors  on  the  solid  phase. 

We  have  previously  shown  that  synthetic  peptides  corresponding  to  the 
receptor-binding  domain  of  PAK  and  PAO  pilins  (region  128-144)  bound  to  asialo- 
GM|  [7].  We  have  used  a  synthetic  peptide,  N°-acetylated  PAK(128-144)ox-OH,  in 
competitive  binding  assays  and  found  that  it  inhibited  PAK  pili  binding  to 
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pGalNAc(l-4)PGal-BSA  by  40%  at  the  highest  concentration  of  competing  peptides 
(Table  2).  This  indicated  that  residues  128-144  of  the  Pseudomonas  pilin  were 
sufficient  to  mediate  binding  to  the  minimal  carbohydrate  receptor  structure. 


Fig.  I.  Binding  of  P.  aeruginosa  PAR  pili  to  fiGalNAcf  1  -4)fiGal-BSA  (Q)  and  to 
fiGlcNAc(I-3)pGal(I-4)fiGlc-BSA  (A).  The  glycoconjugates  were  coated  onto  microtiter 
wells  (5  pg/ml)  and  incubated  for  an  hour  at  37'C  with  purified  pili  that  have  been  diluted 
with  PBS,  pH  7.4,  containing  0.05 %  (wt/volj  BSA.  Bound  PAK  pili  were  quantitated 
using  ELISA  protocols  with  an  anti- PAK  pili  monoclonal  antibody.  Absorbance  readings 
(Ajoj)  were  recorded 

Table  1  Specificity  of  fiGaINAc(  1  -4)fiGal  for  P.  aeruginosa  PAK  pili  demonstrated 
by  competitive  binding  assays  with  immobilized  fiGalNAcf  I-4)fiGal-BSAa 


%  Inhibition 

18.5 

29.4 

1.85 

28.9 

0.185 

4.7 

0.0185 

0.5 

*The  binding  of  PAK  pili  (S.O  pg/ml)  to  immobilized  flGalNAc(l-4){lGal-BSA  was 
competed  with  free  0GalNAc(l-4)f)Gal  hapten  esters.  PAK  pili  was  quantitated  using 
EUSA  protocols  with  an  anti-PAK  pili  monoclonal  antibody. 
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Table  2  The  ability  of  synthetic  peptides  corresponding  to  the  receptor  binding 
region  of  PAK  pilin  to  compete  with  PAK  pili  for  fJGalNAc(J-4)  fiGal 
receptors  in  a  competitive  binding  assay 


N“-AcPAK  ( 128- 144)ox-OH  TuMl 

%  Inhibition 

30.0 

39.8 

10.0 

18.2 

3.3 

10.8 

1.1 

8.3 

The  binding  of  PAK  pili  (2.5  |ig/ml)  to  immobilized  f)GalNAc(  1  -4)(JGaI-BSA  was 
competed  with  Na-acetylated  PAK(128-144)ox-OH  peptides.  PAK  pili  was  quantitated 
using  ELISA  protocols  with  an  anti-PAK  pili  monoclonal  antibody.  The  ability  of  the 
peptides  to  compete  with  PAK  pili  binding  to  the  immobilized  disaccharide  receptors  is 
represented  as  the  percent  inhibition  caused  by  the  competitor  versus  absence  of 
competitor. 

The  lectin-like  properties  of  the  Pseudomonas  pilus  adhesin  is  delineated  to  the 
region  128-144  of  the  pilin  structural  subunit.  These  studies  demonstrated  that 
synthetic  peptides  corresponding  to  this  region  of  the  PAK  pilin  possess 
carbohydrate-binding  properties.  Although  the  true  nature  of  the  P.  aeruginosa  pilus 
receptors  on  cell  surfaces  are  still  under  investigation,  the  application  of  peptides 
representing  receptor-binding  domains  may  be  useful  in  the  purification  of  these 
receptors  and  in  understanding  the  interactions  involved  in  bacterial  adherence  to 
glyco-receptors. 
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Introduction 

The  bulky  aliphatic  amino  acids  lie.  Leu  and  Val  are  the  three  residues  most 
frequently  found  in  transmembrane  (TM)  segments  of  integral  membrane  proteins  [1]. 
In  single  span  membrane  proteins,  they  account  for  nearly  60%  of  the  total  amino 
acid  composition  of  the  TM  domain  [2].  Despite  their  similar  hydrophobicity, 
which  makes  them  suitable  membrane-anchors,  these  residues,  nevertheless,  differ  in 
their  propensity  in  forming  various  types  of  secondary  structures  in  globular  proteins. 
While  Leu  is  one  of  the  best  a-helix  formers,  the  branched  side  chains  of  lie  and  Val 
tend  to  destabilize  an  a-helix,  and  prefer  the  P  sheet  conformation.  Therefore,  the 
established  structural  propensity  of  lie  and  Val  in  globular  proteins  as  fl-sheet 
promoters  appears  to  conflict  with  their  frequent  occurrence  within  membrane  protein 
TM  domains,  which  are  generally  assumed  to  be  a-helical  [3].  Our  working 
hypothesis  is  that  the  secondary  structure  of  an  amino  acid  is  a  function  of  its 
molecular  environment  (sequence  context  and  environmental  medium),  and  the  helical 
propensity  of  lie  and  Val  may  be  greatly  enhanced  in  the  helix-favoring  environment 
of  membrane  bilayers  in  order  to  satisfy  the  structural  requirements  for  TM  domains. 

Resalts  and  Discussion 

We  are  testing  this  hypothesis  by  constructing  model  peptides  having  the 
prototypical  sequence  NHrSKSK-AXA-AXA-W-AXA-KSKSKS-OH,  where  X  = 
L,  I,  or  V.  The  resulting  peptides  are  designated  ALA,  ALA,  and  AVA,  respectively, 
according  to  the  triad  repeat  of  their  hydrophobic  stretches  (bolded  above;  Table  1).  It 
was  expected  that  these  peptides  would  represent  condensed  versions  of  single  span 
membrane  proteins,  in  which  Leu,  He,  Val  and  Ala  residues  similarly  constitute  up 
to  70%  of  their  TM  domains  [2].  The  single  Trp  residue  was  incorporated  into  the 
peptide  sequence  to  facilitate  monitoring  peptide  interactions  with  their 
environments. 

Circular  dichroism  (CD)  spectroscopy  was  employed  to  study  the 
conformational  behavior  of  these  peptides  under  both  aqueous  and  membranous 
conditions.  As  shown  in  Figure  1  (a),  peptide  conformation  in  IfyO  is  consistent 
with  what  may  be  predicted  from  primary  sequences,  e.g.,  helicity  of  peptide  ALA  > 
peptide  ALA  >  peptide  AVA.  However,  this  pattern  is  dramatically  altered 
when  these  peptides  are  dissolved  in  a  vesicle  suspension  of  3  mM  dimyristoyl- 
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phosphatidylglycerol  (DMPG).  In  DMPG,  as  dismayed  in  Figure  1  (b),  all  three 
peptides  adopt  significant  helical  cdhfonnation  essentially  indistinguishable  from  one 
another.  This  result  suggests  that  branched  lie  and  Val  residues,  as  well  as  Leu,  are 
comparable  helical  promoters  in  membrane  environments,  with  their  helical 
propensities  governed  by  their  hydrophobicities. 


nm  nm 

Fig.  I.  CD  spectra  of  peptides  ALA,  ALA,  and  AVA  in  (a)  aqueous  buffer,  pH  7.0,  and  (b) 
lipid  vesicle  suspensions  of  3  mM  DMPG.  Synthesis  and  characterization  of  peptides 
were  as  described  [3,4].  Small  unilamellar  vesicles  (SUV)  were  prepared  according  to  [5]. 
CD  spectra  were  recorded  on  a  Jasco  J-720  spectrometer  from  freshly  prepared  peptide 
samples  (30  fiM).  Spectra  shown  were  averaged  over  6  scans  for  each  peptide  with 
background  subtracted. 

This  notion  is  further  supported  by  Trp  fluorescence  studies.  Although  the 
hydrophobic  segments  in  these  peptides  are  too  short  to  span  the  membrane  bilayer, 
large  "blue  shifts"  of  for  Trp  fluorescence  emission  (Table  1),  as  these  peptides 
are  transferred  from  aqueous  buffer  to  DMPG  vesicles,  indicate  that  extensive 
hydrophobic  interactions  exist  between  the  peptide  mid-segments  and  the  vesicle 
membrane.  Moreover,  the  extent  of  such  interactions,  which  is  proportional  to 
peptide  hydrophobicities,  is  likely  to  be  the  same  for  all  three  peptides  as  can  be 

appreciated  from  their  similar  X _ values  in  DMPG.  Fluorescence  experiments 

therefore  provide  supporting  evidence  that  the  CD  patterns  observed  in  Figure  1(b)  are 
a  genuine  reflection  of  comparably  high  helical  propensities  for  lie,  Val  and  Leu 
residues  in  the  membrane. 
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Table  I  Sequences  and  fluorescent  properties  of  peptides  NH2-SKSK  -A  XA  - 
AXA  W-AXA-KSKSKS-OH 


Peptide 

Hydrophobic  segment* 

A _ of  Trp  fluorescence  (+/-1  nm)b 

in  aq.  buffer 

in  DMPG  vesicles 

ALA 

-ALA-ALA-W-ALA- 

354 

337 

ALA 

-ALA-  ALA  -W-AIA- 

354 

338 

AVA 

-AVA-AVA-W-AVA- 

355 

338 

*  Sequence  of  (be  central  portion  of  the  peptide  bolded  in  the  title. 

b  Kn»x  >s  thc  wavelength  at  which  fluorescence  emission  is  maximum.  Trp  emission 
spectra  were  recorded  on  a  Hitachi  F-400  fluorescence  spectrometer  at  37°C.  Excitation 
wavelength  was  280  nm.  Repotted  X—..  values  are  an  average  of  at  least  3  independent 
measurements  in  each  case. 

Conformational  behavior  of  He  and  Val  in  membrane-mimetic  materials  has 
previously  been  studied  using  peptides  with  triad  repeat  of  AXG  (X=L,  I,  or  V)  [3-5]. 
While  results  from  these  studies  grossly  agree  with  the  present  observations.  He  and 
Val  residues  woe  found  to  be  slightly  inferior  to  Leu  in  promoting  helices  in  some 
lipid  vesicle  suspensions  [5].  Thus,  the  helical  propensity  of  an  amino  acid  is  not 
only  a  function  of  its  environment,  but  a  function  of  its  sequence  context  as  well. 
The  structural  versatility  of  He  and  Val  residues,  which  can  act  both  as  3-sheet 
promoters  in  aqueous  media  and  a-helix  promotors  in  membranes,  may  be  of 
significance  in  membrane  protein  assembly  and/or  functioning. 
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Introduction 

The  isolated  rat  uterus  (RUT)  is  very  sensitive  to  bradykinin  (BK),  responds 
with  a  rapidly  reversible  contraction  and  serves,  therefore,  as  one  of  several  model 
systems  of  kinin  agonists  and  antagonists  with  the  B2  kinin  receptor  [1].  The 
myotropic  effect  of  BK  in  the  whole  uterus  seems  to  be  due  to  a  direct  action  in  die 
myometrium  and  an  indirect  action  via  die  endometrium  (sensitive  to  indomethacin) 
that  depends  on  the  release  of  prostaglandins  [2].  Because  uterine  contraction  is 
primarily  dependent  on  the  presence  of  extracellular  Ca2+,  then  Ca2+-influx  via 
receptor-operated  Ca-channels  is  presumably  the  most  important  source  of  the 
increase  of  intracellular  Ca2+  concentration  which  is  necessary  for  contraction  [3]. 
Nevertheless,  BK-induced  stimulation  of  phosphoinositide  turnover  and  subsequent 
release  of  Ca2+  from  internal  stores  may  be  of  importance  [4].  A  third  component  by 
which  BK  might  bring  about  contraction  of  RUT  is  the  modulation  of  sensitivity  of 
the  contractile  proteins  [3].  The  binding  of  [3H]-BK  to  rat  [5]  and  bovine  [6]  uterine 
membranes  has  been  found  to  be  heterogeneous  displaying  two  binding  sites.  The 
question  is  how  these  binding  sites  may  be  involved  in  the  BK-induced  uterine 
contraction.  Hoe  we  summarize  the  hitherto  known  data  and  propose  a  hypothetical 
molecular  model  of  a  dual  BK  action  in  the  rat  uterus. 

Results  and  Discussion 

Binding  studies  with  [3H]BK  in  rat  my ome trial  membranes  constantly  reveal 
two  binding  sites:  a  high-affinity  site  (Kj,)  with  an  affinity  of  approximately  20  pM 
and  a  low-affinity  site  (K^  with  0.5-1.0  nM.  Both  sites  also  occur  when  the  binding 
was  measured  under  physiological  conditions  but  the  detectable  binding  site 
concentrations  are  drastically  reduced  in  high-ionic  strength  buffers.  Furthermore, 
both  binding  sites  are  found  independent  of  the  hormonal  state  of  the  RUT.  In  the 
presence  of  Gpp[NH]p  the  affinity  of  the  K^site  is  shifted  to  the  right  by  about  one 
order  of  magnitude  but  not  converted  into  the  K^-site.  Thus,  the  f^-site  does  not 
represent  an  interconvertible  conformation  of  KL  but  seems  to  be  a  separate  G 
protein-coupled  binding  site.  In  contrast  to  the  G  protein  activation  via  the  K^-site, 
under  our  experimental  conditions  a  G  protein  stimulation  via  the  KL-site  is  only 
detectable  after  treatment  with  estrogen.  It  may  be  assumed,  therefore,  that  the 
functional  activity  of  Kl -coupled  G  proteins  depends  on  the  hormonal  state.  The 
classical  B2  receptor  antagonist,  DArg[Hyp3,Thi5-8,D-Phe7]BK,  binds  to  both  sites 
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[7],  whereas  another  highly  potent  antagonist,  HOE  140,  selectively  blocks  the  K^ 
site  [8].  Thus,  both  binding  sites  could  be  classified  as  different  B2  receptors. 

(3 -Adrenergic  Stimulation  by 

stimulation  pM  BK  concent  rations 


l  PTX  l 


Fig.  1.  Proposed  hypothetical  mechanisms  of  bradykinin-induced  contraction  of  the  rat 
uterus  via  a  dual  signal  transduction  pathway.  Abbreviations:  P2  ~  P2-adrenoceptors; 
Byt  ~  high-affinity  bradykinin  B2  receptor;  B2L  =  low-affinity  bradykinin  B2  receptor; 
OR  =  oxytocin  receptor;  Gs  =  stimulatory  G  protein;  Gi2  -  inhibitory  G  protein  of  the  Gi2 
type,  pertussis  toxin  (PTX)-sensitive;  G,  =  unknown  type  of  G  protein,  PTX  -  insensitive; 
PLC  -  phospholipase  C;  PLA2  =  phospholipase  A2;  AC  =  adenylate  cyclase;  VOC  = 
voltage-operated  Ca-channel;  ROC  *  receptor-operated  ion  channel;  IP,  =  inositol  1,4,5- 
trisphosphate;  IP4  *  inositol  1,3,4, 5-tetrakisphosphate;  AA  =  arachiaonic  acid;  PG  = 
prostaglandin;  MLCK  =  myosin  light-chain  kinase. 
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The  putative  B2  receptor  subtypes  and  B^  (with  high  and  low  affinity  for  BK, 
respectively)  are  obviously  acting  via  different  signal  transduction  pathways: 

B^  receptors  activate  PTX-sensitive  G  proteins  of  the  Gi2  type  [S]  and  inhibit 
myometrial  adenylate  cyclase  activity  [9]. 

B2L  receptors  stimulate  (endometrial)  PLA^  activity  leading  to  the  release  of 
arachidonic  acid  and  prostaglandin  production.  PGEj  and  PGF^  have  been 
postulated  to  produce  myometrial  contraction  by  stimulation  of  Ca2+-influx 
through  voltage-operated  Ca-channels  [3). 

In  addition,  a  PTX-insensitive  stimulation  of  phosphoinositide  breakdown  in 
cultured  rat  myometrial  cells  has  been  reported  [4]. 

The  BK-induced  contraction  of  the  RUT  was  found  to  be  PTX-insensitive.  In 
contrast,  the  oxytocin-induced  contraction  in  the  RUT  is  known  to  be  mediated  by 
IP3  formation  which  is  PTX-sensitive  [3).  Obviously,  BK  and  oxytocin  use  different 
types  of  G  proteins  in  their  signal  transduction  which  mediate  uterine  contraction. 
Concerning  the  BK-induced  contraction  of  the  RUT,  we  assume  a  dual  regulatory 
pathway  involving  both  putative  B2  receptor  subtypes.  The  RUT  has  autonomic 
innervation  and  is  relaxed  via  P2-adrenoceptors  coupled  to  G,/adenylate  cyclase. 
cAMP  is  known  to  cause  relaxation  of  rat  myometrium  via  phosphorylation  of 
MLCK  and/or  by  lowering  Ca2+.  At  first,  low  (pM)  concentrations  of  BK  inhibit 
adrenergic-mediated  uterine  relaxation  via  B2H  receptors  which  compete  for  the 
myometrial  acdenylate  cyclase  by  G*  proteins.  In  that  way,  the  myometrium 
becomes  more  sensitive  because  less  contractile  proteins  are  phosphorylated  and, 
thus,  inactivated.  Then,  higher  (nM)  concentrations  of  BK  trigger  directly  the 
myometrial  contraction  via  B21  receptors  coupled  to  PTX-insensitive  G  proteins. 

Acknowledgements 

This  work  was  supported  by  the  Deutsche  Forschungsgemeinschaft. 

References 

1 .  Barabe,  J.,  Park,  W.K.  and  Regoli,  D.,  Can.  1.  Physiol.  Pharmacol.,  53  (1975)  345. 

2.  Whalley,  E.T.,  Br.  J.  Pharmacol.,  64  (1978)  21. 

3 .  Wray,  S„  Am.  J.  Physiol.,  264  (1993)  Cl. 

4.  Tropea,  M.M.,  Munoz,  C.M.  and  Leeb-Lundberg,  F.L.M.,  Can.  J.  Physiol. 
Pharmacol.,  70  (1992)  1360. 

5.  Liebmann,  C.,  Offermanns,  S„  Spicher,  K.,  Hinsch,  K.-D.,  Schnittler,  M.,  Moreat, 
J.L.,  Reissmann,  S.,  Schulz,  G.  and  Rosenthal,  W.,  Biochem.  Biophys.  Res. 
Commun.,  167  (1990)  910. 

6.  Leeb-Lundberg,  F.L.M.  and  Mathis,  S.A.,  J.  Biol.  Chem.,  265  (1990)  9621. 

7.  Liebmann,  C.,  Schnittler,  M.,  Stewart,  J.M.  and  Reissmann,  S.,  Eur.  J.  Pharmacol., 
199  (1991)  363. 

8.  Liebmann,  C.,  Nawrath,  S.,  Ludwig,  B.  and  Paegelow,  I.,  Eur.  J.  Pharmacol.,  235 
(1993)  183. 

Liebmann,  C.  and  Reissmann,  S.,  Biomed.  Biochim.  Acta,  49  (1990)  1231. 


9. 


Structure-activity  studies  of  the  [Leu13]motilin 
(1-14)  pharmacophore 


MJ.  Macielag1,  M.S.  Marvin1,  T.L.  Pecters2, 

R.  Dharanipragada1,  I.  Depoortere2,  J.R.  Florance1, 
R.A.  Lessor1  and  A.  Grides1 

!0 hmeda  PPD,  100  Mountain  Avenue,  New  Providence,  NJ  07974, 
U.SA.,  2Gut  Hormone  Laboratory,  University  of  Leuven, 
Gasthuisberg,  B-3000  Leuven,  Belgium 

Introduction 

Motilin  (Mot)  is  a  linear  polypeptide  of  22  amino  acid  residues  (H-Phe'-Val- 
Pro-Ile-  Phe5^Thr-Tyr-Gly-Glu-Leu1‘)-Gln-Arg-Met-Gln-Glu15-Lys-Glu-Arg-Asn-Lys 
^-Gly-Gln-OH)  originally  purified  from  the  mucosa  of  the  small  intestine  erf'  hogs 
[1].  Although  the  precise  physiological  role  of  motilin  remains  controversial,  it  is 
generally  accepted  that  the  hormone  is  involved  in  the  regulation  of  fasting 
gastrointestinal  motor  activity  through  stimulation  of  receptors  on  gut  smooth 
muscle  cells  and  enteric  neurons.  Exogenous  administration  of  motilin  to  healthy 
humans  accelerates  gastric  emptying,  decreases  intestinal  transit  time,  and  initiates 
phase  III  of  the  migrating  motor  complex.  In  addition,  motilin  infusion  to  diabetic 
patients  stimulates  the  emptying,  of  solids  and  liquids  in  even  the  most  refractory 
cases  of  gastroparesis  [2], 

A  previous  study  in  our  laboratories  demonstrated  that  the  N-terminal 
tetradecapeptide  of  motilin,  [Leu l3]Mot-(  1-14),  retained  most  of  the  binding  affinity 
and  biological  activity  of  the  full  molecule  [3].  Alanine  and  D-amino  acid  scans  of 
this  bioactive  sequence  were  then  used  to  establish  that  Phe1,  VaP,  lie4  and  Tyr7  are 
residues  involved  in  receptor  contact  [4].  In  the  present  study,  we  have  examined 
several  series  of  analogs  of  [Leu,3]Mot-(l-14)  in  which  structural  features  of  these 
key  amino  acid  residues  have  been  systematically  modified.  The  goal  of  this 
investigation  is  to  define  the  physicochemical  basis  for  the  high  affinity  interaction 
between  motilin  and  its  receptor  in  order  to  design  more  potent  peptide  agonists. 

Results  and  Discussion 

Peptides  were  synthesized  by  SFPS  on  PEG-PS  or  RepSyn  KA  supports  using 
Fmoc  continuous  flow  methods.  Following  TEA  cleavage,  the  crude  peptides  were 
purified  by  RPHPLC  using  dual  preparative  Vydac  C18  columns  in  series.  Structures 
were  confirmed  by  quantitative  AAA  and  FABMS.  Receptor  binding  affinity  (piCjo) 
was  determined  by  displacement  of  [(l2SI)Nlel3}-motiltn  from  rabbit  antral  smooth 
muscle  membranes  [3].  Contractility  (pECjo)  was  measured  in  a  tissue  bath  assay 
employing  rabbit  duodenal  smooth  muscle  strips  [6]. 
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Table  1  Potency  of  [Leu13] mottling  J- 14)  analogs  in  binding  and  in  contractility 
experiments 


H-Phe'-VaP-Pro-De^Phe-Thr-Tyr’-Gly-Glu-Ixu-Gln-Arg-Ixu-Gln-OH 

*  Analog 

PEC50 

pie* 

#  Analog 

pECjo 

P^5o 

1  [Leu,3]Mot-(l-14) 

7.55 

8.36 

Position  2  modifications: 

Position  1  modifications: 

16  Leu 

7.29 

8.45 

2  p-F-Phe 

7.47 

8.24 

17  He 

7.74 

8.46 

3  p-Cl-Phe 

7.47 

8.47 

18  Cha 

7.57 

8.58 

4  p-I-Phe 

7.46 

8.52 

19  Phe 

6.98 

8.37 

5  Tip 

7.41 

8.65 

Position  4  modifications: 

6  1-NaP 

8.18 

8.42 

20  Leu 

7.29 

8.45 

7  2-Nal 

7.64 

8.53 

21  Val 

6.53 

7.32 

8  Cha* 

7.59 

8.51 

22  t-BuGly 

7.17 

7.55 

9  p-NOj-Phe 

6.37 

7.25 

23  Cha 

7.78 

8.56 

10  Pal* 

5.47 

7.25 

24  Phe 

7.48 

8.62 

11  Leu 

6.81 

7.82 

Position  7  modifications: 

12  Phg* 

5.68 

6.50 

25  Phe 

7.27 

8.20 

13  D-Phg 

6.35 

6.61 

26  p-MeO-Phe 

7.11 

7.87 

14  N-AcPhe 

6.75 

7.59 

27  p-Cl-Phe 

6.62 

6.86 

15  des-amino-Phe 

6.02 

6.96 

28  2-Nal 

7.16 

7.72 

29  Cha 

6.31 

6.76 

30  Tip 

7.27 

8.53 

*3-(l-Napbtby])alanii)e,  Nal;  3-Cyclohexylalanine,  Cha;  3-(3-Pyridyl)alanine,  Pal; 
Phenylglycine,  Phg. 


The  results  from  die  study  of  Phe1  modified  analogs  (Table  1)  reveal  that  the 
receptor  does  not  discriminate  between  a  number  of  structurally  diverse  aromatic  and 
aliphatic  side  chains.  In  particular,  potency  is  largely  unaffected  by  substitution  of 
the  aromatic  ring  (2-4),  an  increase  in  steric  bulk  (5-7),  or  loss  of  aromaticity  (8). 
However,  introduction  of  more  hydrophilic  moieties  like  p-NOjPhe  (9),  Pal  (10), 
and  Leu  (11)  or  shortening  the  length  of  the  side  chain  (12, 13)  is  detrimental  to  in 
vitro  biological  activity.  Acetylation  of  the  N-terminal  amino  group  (14)  or 
substitution  of  this  functionality  by  hyrfcogen  (15)  significantly  reduces  potency. 

Modification  of  Val2  and  He4  is  readily  tolerated  as  long  as  die  lipophilic  nature 
of  the  side  chain  is  maintained.  The  critical  dependence  of  biological  activity  on 
hydrophobic  interactions  is  exemplified  by  the  Val4  analog  (21),  which  differs  from 
the  parent  peptide  by  a  single  methylene  unit  but  is  10-fold  less  potent  in  receptor 
binding  and  tissue  bath  assays.  Increasing  hydrophobicity  by  introducing  the  cyclo- 
hexylmethyl  side  chain  (18, 23),  however,  affords  only  modest  increases  in  potency. 
Incorporation  of  the  stoically  encumbered  t-BuGly4  residue  (22)  significantly  affects 
receptor  binding  affinity,  possibly  through  distortion  of  the  conformation  of  the 
peptide  backbone. 

In  contrast  to  the  other  pharmacophoric  elements,  the  Tyr7  side  chain  exhibits 
limited  tolerance  for  structural  modification.  Although  replacement  of  the  p-OH 
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group  with  hydrogen  (25)  only  slightly  affects  potency,  substitution  of  the  aromatic 
ring  with  other  functional  groups  like  4-methoxy-  (26)  or  4-chloro-  (27)  is 
incompatible  with  high  levels  of  bioactivity.  The  diminished  potency  of  the  2-Nal 
(28)  and  Cha  (29)  analogs  presumably  reflects  the  importance  of  excluded  volume 
and  K-it  interactions,  respectively,  in  the  high  affinity  binding  of  motilin  to  its 
receptor.  Only  the  Trp7  analog  (30),  the  side  chain  of  which  contains  both  an 
aromatic  ring  and  a  hydrogen  bond  donor,  exhibits  potency  comparable  to  the  parent 
peptide  in  both  receptor  binding  and  tissue  bath  assays. 

The  structure-activity  relationships  of  the  Phe1,  Val2,  and  De4  side  chains  of 
[Leu  ,3JMot-(  1-14)  suggest  that  the  motilin  receptor  contains  a  substantial 
hydrophobic  pocket  which  is  capable  of  accomodating  a  wide  variety  of  aromatic  and 
aliphatic  moieties  without  loss  of  binding  affinity.  The  results  from  the  study  of 
Tyr7  replacements  indicate  that  effective  liga.id-recep?or  interaction  is  dependent  on  a 
delicate  balance  between  electronic,  steric,  and  hydrogen  bonding  effects.  Although 
dramatic  increases  in  potency  have  not  as  yet  been  realized,  it  is  clear  that  the  design 
of  high  affinity  peptide  agonists  to  the  motilin  receptor  must  incorporate  the 
following  structural  features:  1)  a  basic  N-terminal  amino  group;  2)  hydrophobic 
residues  at  positions  1,  2,  and  4;  and  3)  n-electron  density  and  possible  hydrogen 
bond  donation  from  die  side  chain  of  residue  7. 
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Introduction 

The  search  for  an  appropriate  antagonist  of  gonadotropin  releasing  hormone 
(GnRH,  LHRH),  Glp-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-GIy-NH2,  as  a  contraceptive 
has  led  to  the  synthesis  and  testing  of  thousands  of  analogs.  As  yet,  no 
peptidomimedcs  with  appropriate  properties  have  been  developed.  As  an  exercise  in 
peptidomimetic  design  [1],  GnRH  antagonists  provide  an  excellent  test  case.  In  order 
to  define  the  receptor-bound  conformation  of  potent  GnRH  antagonists  such  as 
Antide  [2],  N-Ac-D-Nal-D-Cpa-D-Pal-Ser-Lys(Nic)-D-Lys(Nic)-Lcu-ILys-Pro-D-Ala- 
NH2, 13  cyclic  analogs  were  prepared  with  disulfide  bridges  between  residues  4  and  8, 
4  and  9,  5  and  8,  5  and  9,  and  4  and  10.  The  use  of  sidechain  cyclization  to  help 
constrain  the  backbone  conformation  is  a  common  approach,  but  conformational 
analysis  has  suggested  [3]  that  little  effect  on  the  backbone  is  achieved  in  most  cases 
due  to  the  size  and  flexibility  of  the  sidechains  used.  The  presence  in  Antide  of  a 
proline  residue  in  position  nine  led  to  the  incorporation  of  chimeric  praline  analogs 
[4]  with  a  functionalized  sidechain,  cis-  (MPc)  and  fra/u-4-mercaptoproline  (MPt)  to 
provide  a  cyclization  functionality  while  preserving  the  conformational  constraints 
associated  with  praline.  Both  Hey  and  Cys  were  substituted  in  positions  4,  S,  8,  9 
and  10  in  order  to  vary  the  ring  size.  Two  novel  compounds  were  designed  based  on 
models  of  the  receptor-bound  conformation  of  GnRH  agonist  and  antagonist 
developed  by  Nikiforovich  and  Marshall  [3].  GnRH  antagonists  possess  low-energy 
structures  with  the  spatial  arrangement  of  the  residues  in  the  N-terminal  tripeptide 
similar  to  that  in  the  conformer,  which  was  found  to  be  common  for  GnRH  agonists. 
These  studies  suggested  new  approaches  to  the  design  of  GnRH  antagonists,  namely 
by  mimicking  this  specific  arrangement  of  the  N-terminal  tripeptide,  or  by 
cyclization  to  residue  4  from  residue  8  in  which  a  D- amino  acid  has  been  substituted. 

Results  and  Discussion 

Synthesis  of  peptides  -  The  linear  precursors  were  synthesized  using  SPPS 
using  sidechain  protection  of  pMeBzl  for  Mpt  and  Mpc  and  Acm  for  Cys  and  Hey. 
Couplings  used  either  BOP  or  TBTU  with  the  addition  of  HOBt.  Oxidations  were 
carried  out  with  either  I2  in  25%  HOAc  or  DMSO.  The  analogs  were  purified  on 
preparative  HPLC  and  characterized  by  AAA,  FABMS  and  analytical  HPLC. 
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Additional  analogs  with  amide  bonds  between  residues  4  (Asp)  and  10  (Dpr)  were  also 
prepared  as  controls.  The  cyclic  pentapepdde,  cydo(Gly-D-Nal-D-Cpa-D-Pal-Gly), 
was  prepared  by  SPPS,  cleaved  by  HF  and  cyclized  in  solution. 

Table  1  Selected  cyclic  analogs  ofGnRH  and  their  biological  activities  (AOA  assay, 
0/8  =  no  animals  ovulated  out  of  8  tested) 


Amino  acid  substitutions  and  AOA  results 
4  to  8 

[Ac-D-NallT>-Cpa24>Pal3,Cys4,Lys(Nic)5J>Lys(Nic)6,Cys8,D-Ala10] 

inactive  at  SO  mg 

[Ac-D-Nal1  J)-Cpa2,D-Pal3,Cys4,TyTJT)-Arg6Xeu7,D-Cys8JD-Ala10] 

0/8  @  25  mg 

[Ac-D-Nal1 JD-Cpa2,D-Pal3, Hey4, Tyi^.D-Arg6, Leu7, D-Cys8,D- Ala10] 

4/8  @  50  mg 

(Ac-D-Nal1,D-Cpa2,D-Pal3,Cys4,Tyr5,D-Arg6Xeu7,D-Hcy8,D-Ala10] 

2/8  @  25  mg 

(Ac-D-Nall.D-Cpa2JD-Pal3,Hcy*.Tyr3JD-Arg6,Leu7,D-Hcy8J>Alal0J 

4/8  @  50  mg 

[  Ac-D-Nal1, D-Cpa2,D-Pal3,Hcy4,Lys(Nic)3,D-Lys(Nic)6,Hcy8,D- Ala10] 
_ inactive  at  50  mg 

4  to  9 

[Ac-D-Nal 1  ,D-Cpa2,D-Pal3,Cys4,Lys(Nic)5  JD-Lys(Nic)6  JLys8,Mpt9,D-Ala10] 

inactive  at  50  mg 

[Ac-D-Nal 1  ,D-Cpa2,D-Pal3,Cys4,Lys(Nic)iJ)-Lys(Nic)6JLys8,Mpc9,D-Ala10] 

4/8  at  50  mg 

[Ac-D-Nal 1  X>-Cpa2,D-Pal3,Hcy4,Lys(Nic)5JD'Lys(Nic)6,ILys8,Mpt9,D- Ala10] 

inactive  at  50  mg 

[Ac-D-Nal',D-Cpa2>D-Pal3,Hcy4Jl.ys(Nic)5,D-Lys(Nic)6JLys8,Mpc9,D-Ala10] 
_ inactive  at  50  mg 

5  to  9 

[Ac-D-Nal1, D-Cpa2,D-Pal3,Hcys,D-Lys(Nic)6,ILys8,Mpc9,D- Ala10] 

5/8  at  50  mg 

[Ac-D-Nal1,D-Cpa2,D-Pal3,Sei4,Cys5,Lys(Nic)6,Leu6,ILys8,Hcy9,D-Ala10] 

inactive  at  50  mg 


Both  competitive  binding  and  antiovulatory  activity  (AOA)  were  measured. 
While  the  trends  were  similar,  considerable  differences  were  apparent  in  the  data. 
Compounds  retaining  the  highest  binding  affinity  contained  cycles  between  residues  5 
and  8, 4  and  10,  and  5  and  9  in  accord  with  previous  studies  on  cyclic  GnRH  analogs, 
but  were  relatively  inactive  in  the  AOA  assay.  A  novel  analog  with  a  cyclic  between 
residues  4  and  8,  clAc-D-Nal1,  D-Cpa2,  D-Pal3,  Cys4,  Tyr5,  D-Arg6,  Leu7,  D-Cys8, 
D-Alal0]-GnRH,  designed  based  on  the  models  of  agonists  and  antagonists  [5] 
showed  complete  inhibition  of  ovulation  at  50  mg.  The  cyclic  pentapepdde  showed 
50%  inhibition  of  ovulation  at  a  dose  of  500  mg  also  consistent  with  the 
conformational  hypothesis. 
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Using  the  proline  of  residue  9  as  a  point  for  cyclization  to  either  residue  4  or  5 
by  incorporation  of  the  chimeric  amino  acids,  Mpt  and  Mpc,  did  not  enhance  the 
activity.  cfAc-D-Nal1,  D-Cpa2,  D-Pal3,  Cys4,  LysfNic)5,  D-LysfNic)6,  ILys8,  Mpc9, 
DAla,0]-GnRH  and  cfAc-D-Nal1,  D-Cpa2,  D-Pal3,  Hey5,  D-Lys(Nic)6,  ELys8,  Mpc9, 
D-Ala,0]-GnRH  showed  50%  inhibition  in  the  AOA  assay  at  50  mg. 
Conformational  analyses  on  the  impact  of  these  modifications  offer  further  insight 
into  recognition  by  GnRH  receptors. 
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Introduction 

The  receptor-bound  conformation  of  peptide  hormones  can  be  determined  by 
analysis  of  the  effects  of  chemical  modification  with  conformationally  constrained 
amino  acids  and  dipeptide  analogs  [1].  Cyclization  through  sidechains  offers  an 
additional  method  of  introducing  constraints  on  possible  backbone  conformations  and 
relative  positioning  of  sidechains  during  receptor  interaction.  Little  work  has  been 
published  on  the  receptor-bound  conformation  of  bradykinin  (BK),  Arg-Pro-Pro-Gly- 
Phe-Ser-Pro-Phe-Arg.  We  had  explored  [2]  substitution  of  a  methyl  group  for  the  a- 
proton  at  positions  4,  5  and  8.  [I>Ala4]-BK  was  essentially  inactive  while  [MeF5]- 
BK  retains  slight  activity  (1-4%).  (MeF*]-BK  retained  30%  activity  and  showed 
reduced  pulmonary  inactivation.  The  enhanced  activity  of  [dehydroPhe^-BK  observed 
by  Fisher  et  al.  [3],  led  to  the  idea  that  a  |3-turn  at  position  5  may  be  recognized  at  the 
receptor  as  the  proclivity  of  dehydroamino  acids  to  induce  f)-turns  has  been  well 
documented  [4-6].  Analysis  of  structure-activity  studies  of  BK,  Arg-Pro-Pro-Gly- 
Phe-Ser-Pro-Phe-Arg,  shows  sensitivity  to  substitution  of  a  proton  by  a  methyl 
group  of  the  entire  tripeptide  segment,  Gly-Phe-Ser,  at  either  a-carbon  or  amide 
nitrogen,  suggesting  a  tight  turn  in  apposition  to  the  receptor. 

Conformational  analysis  [7]  of  cyclic  tripeptides  shows  that  Ac-cyclic-S,S- 
[Cys-AA-Cys]-NHCH3  limits  the  backbone  somewhat,  but  that  larger  rings  resulting 
from  homocysteine  substitution  for  Cys  results  in  possible  backbone  conformations 
resembling  those  of  the  linear,  non-cyclic  peptide.  A  chimeric  amino  acid  in  which 
conformational  properties  are  combined  with  sidechain  requirements  for  recognition, 
or  introduction  of  constraints,  was  appropriate.  The  presence  in  bradykinin  of  three 
proline  residues  flanking  the  proposed  turn  site  led  to  cyclic  BK  analogs  in  which 
chimeric  proline  analogs  [8]  with  a  functionalized  sidechain,  cw-(MPc)  and  trans- 4- 
mercaptoproline  (MPt),  cis-(M3Pc)  and  rra/w-3-mercaptoproIine  (M3Pt),  and  cis- 
(APc)  and  fra/u-4- amino-proline  (APt)  were  used. 
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Results  ud  IMscusaioa 

Synthesis  of  cyclic  bradykinin  analogs 

The  solid-phase  syntheses  were  performed  with  Boc-amino  acids  with  the 
sidechain  protecting  groups:  benzyl  for  Ser,  tosyl  for  Arg,  4-methoxy-  or  4-methyl- 
benzyl  for  Cys  and  mercaptoprolines .  Boc-amino  acids  were  coupled  by  means  of 
BOP,  TBTU  or  diisopropylcarbodiimide  in  DMF  in  the  presence  of  HOBt  and  DIEA. 
Completion  of  the  reaction  was  checked  by  the  ninhydrin  test,  or  in  the  case  of  the 
proline  or  mercaptoproline  amino  group,  a  2%  solution  of  bromophenol  blue  in 
N,N-dimethylacetamide  was  successfully  used.  Subsequently,  the  peptides  were 
cleaved  from  the  resin  by  the  action  of  HF  in  the  presence  of  anisole  (9:1)  for  1  h  at 
0°C,  dissolved  in  water,  and  lyophilized.  The  APt  and  Ape  analogs  were  prepared  by 
SPPS  coupling  Boc-4-amino(Fmoc)-Pro  at  position  three  and  Boc-Asp(OFm)  at 
position  six.  After  the  peptide  was  assembled,  the  base-labile  sidechain  protecting 
groups  were  removed,  and  the  peptide  cyclized,  cleaved  and  purified.  Crude  peptides 
were  oxidized  in  95%  acetic  acid  at  r.t.  by  dropwise  addition  of  0.01  M  iodine 
solution  in  glacial  acetic  acid  with  stirring  until  a  yellow  color  persisted  for  5  min. 
Then  the  reaction  solution  was  lyophilized  and  the  crude  cyclic  products  purified  by 
RP-HPLC.  In  the  case  of  [D,L-M3pt2,Mpc7]-BK,  oxidation  gave  three  products 
(ratio  approximately  4:1:1),  which  were  separated  by  HPLC.  FAB-MS  spectra 
showed  the  first  peak  (HPLC)  to  be  cyclic  monomer,  the  next  two  to  be  cyclic 
dimers.  After  chymotrypsin  hydrolysis  of  the  Phe5-Ser6  amide  bond,  the  antiparallel 
nature  of  die  first  cyclic  dimer  was  confirmed  as  it  showed  only  one  peak  on  HPLC 
(tR=  10.89  min,  5-50%B,  t=25  min,  v=l  mL/min,  identical  with  the  product  from 
enzymatic  hydrolysis  of  cyclic  monomer),  presumably  the  disulfide-bridged  peptide 
Arg-M3pt-Pro-Gly-Phe  to  Ser-Mpc-Phe.  Chymotrypsin  digestion  of  the  second 
isolated  dimer  gave  two  peptides  (tR=l  1.20  and  1 1.90  min),  presumably  the  disulfide- 
linked  dimers  of  Arg-M3pt-Pro-Gly-Phe  and  Ser-Mpc-Phe,  confirming  the  parallel 
nature  of  this  dimer. 

The  cyclic  bradykinin  analogs  were  assayed  with  a  neuronal  bradykinin  receptor 
binding  assay.  Over  30  BK  analogs  with  disulfide  cycles  from  2-6,  3-6,  2-7  and  3-7 
were  prepared  and  significant  recognition  in  almost  all  cases  was  retained  with  high 
binding  affinity  (13%)  shown  by  c[MPt3,Cys6]-BK  among  others,  implying  that  the 
postulated  turn  conformation  of  BK  at  the  receptor  is  probable. 


S 
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One  analog,  c[Mpt3,Mpc7]-BK,  in  which  two  chimeric  proline  residues  were 
constrained  by  a  disulfide  bond,  retained  significant  activity  (2.4%)  as  well.  In 
another  case,  both  the  parallel  (0.1%)  and  antiparallel  dimer  (0.04%)  retained  more 
binding  activity  than  the  cyclic  monomer,  c[M3pt2,Mpc7]-BK  (0.02%).  This  has 
also  been  described  for  AD  dimers  [8]. 


In  conclusion,  introduction  of  constrained  amino  acids  into  bradykinin  led  to  a 
hypothesis  that  a  turn  centered  on  residues  4  and  5  was  the  biologically  relevant 
conformation.  Introduction  of  chimeric  proline  analogs  which  allowed  cyclization 
without  loss  of  the  conformational  constraints  of  the  proline  ring  retained  significant 
activity  at  the  B2  receptor  consistent  with  thi»;  hypothesis.  The  analogs  will  be 
useful  in  conformational  analysis  of  the  three-dimensional  recognition  requirements 
for  bradykinin. 
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Introduction 

The  rote  of  the  octapeptide  angiotensin  II  (ANG  n,  Asp-Arg-Val-Tyr-Ue-His- 
Pro-Phe)  in  blood  pressure  regulation  and  in  hypertension  derives  largely  from  its 
contractile  action  at  vascular  smooth  muscle  receptors  [1,  2].  Structure-activity 
studies  on  ANG  II  have  demonstrated  that  methylation  [3]  or  deletion  [4,  5]  of  the 
Tyr  hydroxyl  group  of  ANG  II  produces  antagonists,  implicating  the  Tyr  OH  group 
in  receptor  activation.  Chemical  reactivity  studies  [6],  conformational  studies  by 
NMR  [7,  8]  and  tyrosinate  fluorescence  studies  [9]  on  ANG  II  analogues  have 
suggested  that  intramolecular  interaction  of  the  Tyr  OH  with  the  His  imidazole  and 
C-terminal  carboxylate  of  ANG  O,  resulting  in  a  charge  relay  system  (CRS) 
analogous  to  that  found  at  the  active  site  of  serine  proteases  [10],  is  an  important 
element  of  ANG  EE  action  at  its  receptors.  The  CRS  triad  of  interacting  groups 
creates  a  tyrosinate  anion  pharmacophore  (tyranophore)  which  has  a  role  in 
activating/triggering  the  receptor  consequent  to  binding  of  the  ligand  [9].  In  the 
present  study,  we  investigated  substituents  for  the  Tyr4  residue  of  [Sar1]  ANG  n  in 
order  to  delineate  aspects  of  this  pharmacophore  which  provide  for  its  receptor 
triggering  properties.  In  particular,  the  aromatic  amino  acids  Nal,  Pal,  DL-Phg(4-F), 
Phe(4-F),  Phe(Fj)  and  His  woe  investigated. 

Results  and  Discussion 

[Sar1  Nal4]ANG  H,  [Sar1  Pal4]ANG  H,  [Sar1  DL-Phg(4-F)4]ANG  U,  [Sar1 
Phe(4-F)4]ANG  H,  [Sar1  Phe(Fj)4]ANG  H  and  [Sar1  His4]ANG  n  had  agonist 
activities  of  4.5%,  7%,  <0.1%,  0.2%,  1%  and  0.6%,  respectively.  All  peptides 
investigated  were  devoid  of  measurable  antagonist  activity  except  [Sar1  Phe(4- 
F)4]ANG  n  (pAj  =  7.7).  These  findings  illustrate  that  for  ANG  D  analogues 
containing  an  aromatic  amino  acid  other  than  Tyr  at  position  4,  ligand  binding  and 
agonist  activity  are  not  dependent  on  the  electronegativity  or  dipole  moment  of  the 
aromatic  ring,  or  on  the  ability  of  the  4  ring  substituent  to  accept  a  proton,  although 
there  appears  to  be  a  dependence  on  the  ring  quadrupole  (Table  1).  Ab  initio 
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calculations  (10)  based  on  aromatic  ring  multipoles  suggest  that  the  binding  of 
ANG II  analogues  is  associated  with  an  interaction  of  the  out  of  plane  axis  of  the 
position  4  aromatic  ring  quadrupole  wit!  a  receptor-based  group.  In  addition, 
intramolecular  interactions  providing  for  the  conformation  of  the  ligand  as  it 
approaches  its  receptor  appear  to  have  a  role  in  determining  agonist  versus  antagonist 
activity. 

Table  1  Electrostatic  properties  and  biological  activities  of  aromatic  acids  in  position 
4  qflSar1  JANG  II  analogues 


0® 

1 

OCHj 

jl 

AROMATIC  RING 

6 

6 

ELECTRONEGATIVITY ' 

*0.07 

•0.27 

DIPOLE  MOMENT* 

*s.s 

-M 

QUADRUPOLE  MOMENT* 

*C8 

■u 

AGONIST  ACTIVITY  (%)4 

100 

*0.1 

ANTAGONIST  ACTIVITY  ipAj)* 

7.7 

♦u 

-4.5 

&2 

7.7 


0 

♦0J6 

0 

♦1.5 

-U 

♦5.7 

10 

<0.1 

7.7 

<5 

'Hammett  factor  (o).  2 Debyes.  3Atomic  units;  values  given  are  for  the  axis  perpendicular 
to  the  ring  and  were  calculated  as  described  previously  [10].  For  phenoiate  the  overriding 
electrostatic  property  is  the  charge  (-1),  which  reduces  all  otheT  considerations 
(multipoles,  etc.)  to  insignificance.  'Relative  to  ANG  D.  5pA2  is  the  negative  logarithm 
of  the  concentration  of  antagonist  required  to  reduce  the  response  to  an  ED50  dose  of  ANG 
II  to  that  of  ED50/2  dose. 
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Introduction 

Recent  years  have  seen  significant  progress  in  the  elucidation  of  the  sequences 
of  a  number  of  neuropeptide  receptors  by  the  application  of  recombinant  DNA 
technology.  In  general,  their  structures  exhibit  seven  putative  membrane-spanning 
domains  resembling  those  for  other  receptors  of  the  guanine  nucleotide  binding 
protein  (G-protein)  coupled  family  [1].  Here  we  discuss  the  properties  of  two 
neuropeptide  receptors,  namely  those  for  mammalian  somatostatin  (SST)  and  fish 
vasotocin  (VT).  SST  is  a  multifunctional  peptide  which,  for  instance,  blocks  the 
release  of  pituitary  and  pancreatic  peptide  hormones.  VT  is  the  structural  counterpart 
of  the  mammalian  antidiuretic  hormone  vasopressin. 

Results  and  Discussion 

Somatostatin  receptors  (SSTR) 

Receptor  binding  studies  have  revealed  the  existence  of  at  least  two  subtypes  of 
SSTR;  one  mediates  its  activity  via  GTP-binding  proteins  by  inhibiting  adenylate 
cyclase  and  by  modulating  Ca2+  currents,  the  other  additionally  potentiates  a  delayed 
rectifier  potassium  current.  To  date,  molecular  cloning  techniques  have  revealed  the 
presence  of  five  different  SSTR  subtypes  (SSTR1-5;  Table  1).  The  mRNAs  encoding 
four  of  these  have  been  localized  in  the  brain  and  also  in  peripheral  organs  of 
mammals;  mRNA  for  the  fifth  subtype,  which  has  a  high  preference  for  binding 
SST-28,  an  N-terminally  extended  form  of  the  tetradecapeptide  SST- 14,  is  found 
predominantly  in  the  hypophysis. 

The  SSTR  subtypes  contain  several  potential  N-linked  glycosylation  sites  in 
the  N -terminal  extracellular  portion  of  the  molecules,  a  number  of  conserved  cysteine 
residues  in  the  first  and  second  extracellular  loops  which  presumably  form  disulfide 
bridges,  and  several  consensus  sites  for  phosphorylation  [5].  As  indicated  in  Figure  1 
there  is  a  rather  high  sequence  identity  between  the  SSTRs  and  the  recently  cloned 
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delta  opiate  receptor  [6,  7]  which  suggests  that  they  evolved  from  a  common 
ancestor. 


Table  1  Properties  of  cloned  rat  somatostatin  receptors 


Mol.W. 

(kDa) 

a.a. 

residues 

SST14 

affinity  (ECjo.  nM)> 
SST28  SMS 

MK648 

signal 

transduction 

rSSTRl 

43.4 

391 

1.1* 

2.0“ 

600“ 

- 

? 

rSSTR2 

41.2 

369 

0.26 

0.15 

0.53 

n.d. 

ion  channelsc 

rSSTR3 

47.0 

428 

MEM 

n.d. 

cAMP  A“ 

rSSTR4 

42.1 

384 

4.5 

7.5 

- 

- 

cAMPi 

rSSTR5 

48.0 

383 

2.6 

0.19 

7.3 

cAMPi 

■The  data  are  taken  from  Refs.  2-5;  “refers  to  our  unpublished  data,  cto  ref.  3.  Relative 
affinities  for  the  individual  subtypes  are  depicted  but  these  cannot  be  compared  for 
different  receptors  because  of  the  different  experimental  conditions  that  were  used. 


Vasotocin  receptors  (VTR) 

Clones  encoding  several  VTRs  have  been  isolated  from  white  sucker 
(Catostomus  commersoni )  brain  cDNA  and  genomic  libraries  [8].  Expression  in  frog 
oocytes  by  injecting  cRNA  for  one  of  the  cDNAs  shows  that  the  encoded  VTR  is 
coupled  to  the  nycalcium  second  messenger  pathway  and  hence  functionally  related 
to  the  V|  vasopressin  receptor  from  mammals.  Sequence  analysis  reveals  that  the 
VTR  is  also  structurally  related  to  the  mammalian  V, -receptor  (Figure  1). 
Conservation  is  particularly  obvious  in  the  second  and  third  extracellular  domains, 
both  of  which  are  thought  to  contain  possible  hormone  recognition  sites. 


mouse  thyrotropin-releasing  hormone 

mouse  gastrin-releasing  hormone 

rat  somatostatin  1 

rat  somatostatin  4 

rat  somatostatin  3 

rat  somatostatin  5 

rat  somatostatin  2 

mouse  delta-opioid 

rat  substance  P 

human  oxytocin 

rat  neurotensin 

rat  5HT-GPRFO 

sucker  vasotocin 
rat  vasopressin  Via 
human  oxytocin 
human  vasopressin  V2 


Fig.  1.  A  dendrogram  derived  from  the  sequence  of  five  somatostatin  receptor  subty  pes 
and  those  of  other  neuropeptide  and  neurotransmitter  receptors. 
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There  is  considerable  sequence  identity  between  sucker  and  salmon  VTRs  and 
the  corresponding  receptor  from  Xenopus  laevis.  Studies  using  a  mutant  VTR 
construct  modified  at  Ac  N-terminus  (18  amino  acid  (a. a.)  residues  are  replaced  by  a 
randomized  sequence  of  12  a. a.  residues)  revealed  significant  changes  in  ligand 
specificities  and  affinities.  This  suggests  that  the  N-terminus  of  the  VTR  plays  an 
essential  role  in  the  process  of  ligand-receptor  interaction. 
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Introduction 

Thrombin  is  an  important  enzyme  regulator  of  hemostasis  and  plays  critical 
roles  in  thrombotic  and  inflammatory  responses  to  vascular  injury.  In  addition  to  the 
procoagulant  actions  of  thrombin,  this  enzyme  mediates  a  variety  of  cellular 
responses  in  platelets  and  other  vascular  cells  through  activation  of  the  thrombin 
receptor,  a  novel  member  of  the  G-protein  coupled  receptor  family  [1].  A  unique 
mechanism  wherein  the  thrombin  receptor  is  proteolytically  cleaved  at  a  specific  site 
within  the  N-terminal  domain  of  the  receptor  affording  a  "tethered  ligand"  which  leads 
to  activation  of  the  receptor  has  been  demonstrated  [2,  3].  Peptides  derived  from  the 
"tethered  ligand"  domain  can  also  behave  as  full  agonists  of  the  receptor  [2]. 
Structure-activity  relationships  for  the  minimal  length  pentapeptide  agonist  sequence, 
Ser-Phe-Leu-Leu-Arg-NH2,  have  revealed  the  importance  of  the  N-terminal  amino 
group  and  the  Phe2  side  chain  for  receptor  activation  [4].  Using  this  information,  a 
series  of  novel  thrombin  receptor  antagonists  have  been  prepared  from  agonist 
sequences  in  which  the  amino-terminal  ammonium  group  has  been  removed. 

Results  and  Discussion 

The  initial  attempts  to  convert  "tethered  ligand"  agonist  peptides  into  thrombin 
receptor  antagonists  were  suggested  by  the  observations  that  the  minimal  length 
sequence  for  agonists  required  a  free  a-amino  group  to  display  activity  [4].  Synthesis 
of  the  peptide,  desamino-Ser-Phe-Leu-Leu-Arg-NH],  by  solid-phase  peptide  synthesis 
resulted  in  a  compound  which  displayed  weak  agonist  activity  in  a  platelet 
aggregation  assay  (ECJO=920  pM)  without  any  apparent  antagonist  activity. 
However,  a  more  conveniently  prepared  series  of  desamino  compounds  in  which  the 
amino  terminal  Ser  is  replaced  by  the  3-mercaptopropionyl-group  (Mpr)  did  afford  the 
first  class  of  receptor  antagonists  which  were  evaluated  in  a  convenient  96-well 
format  platelet  aggregation  assay  [3]  using  either  a- thrombin  or  the  agonist  peptide, 
Ser-Phe-Leu-Leu-Arg-Asn-Pro-NHj  for  receptor  activation  (Table  1).  Extension  of 
the  peptide  sequence  carboxyl-terminal  to  the  Arg5  residue  and  substitution  of  more 
optimized  residues  discovered  in  studies  of  "tethered  ligand”  agonist  sequences  [6] 
within  the  remainder  of  the  peptide  sequence  enhanced  the  inhibitory  activity  few  this 
class  of  antagonists.  The  most  potent  peptides  in  this  series  displayed  IC^'s  in  the 
13-23  pM  range.  Higher  concentration  of  some  antagonists  (>300  pM)  stimulated 
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platelet  micioaggiegate  formatioa  which  may  be  a  result  of  partial  agonist  activity 
for  this  series  of  analogs. 

Table  I  Tethered  ligand "  antagonists  of  the  thrombin  receptor 


Inhibition  of  Platelet  Aggregation* 
Thrombin  Agonist  Peptide 

No.  Analog  ICjoOtM)  ICM(pM) 


1 

[desamino-Ser'l-Phe-Leu-Leu-Atg-NHj 

NA 

NA 

2 

Mpr-Phe-Leu-Leu-Arg-NHj 

300 

ND 

3 

Mpr-Phe-Cha-Cha-Arg-Asn-Pro-Asn-Asp-Lys-Tyr 

25-50 

15-25 

4 

Mpr-Phe-Cha-Cha-Arg-Lys-fto-Asn-Asp-Lys-Nl^ 

25 

25 

5 

nBu-N-Phe -Cha-Cha- Arg-Lys-Pro-Asn-Asp-Lys-NHj 

15-20 

15-20 

6 

Me-N-fn-pentyl^Phe-Cha-Cha-Arg-Lys-NHj 

30 

30 

7 

(n-pentyl^-N-Phe-Cha-Cha-Arg-Lys-NHj 

30 

30 

8 

(cyclohexylmethyl^-N-Phe-Cha-Cha-Arg-Lys-Pro- 

Asn-Asp-Lys-NHj 

5 

7.5 

*  Agonist  concentrations:  300-600  pM  a-thrombin;  3-5  pM  SFLLRNP-NH2;  NA  =  not 
active  as  an  antagonist;  ND  =  not  determined. 


The  ability  of  compounds  to  antagonize  both  thrombin  and  agonist  peptide 
induced  aggregation  in  these  assays  supports  the  concept  that  these  analogs  are 
binding  at  a  site  within  the  receptor  which  is  identical  or  nearly  identical  to  the  site 
where  the  "tethered  ligand"  domain  and  agonist  peptides  bind.  In  addition,  the 
compounds  do  not  inhibit  the  catalytic  activity  of  thrombin  nor  do  they  block  other 
platelet  agonists  such  as  collagen  or  calcium  ionopbore- induced  platelet  aggregation 
responses.  Interestingly,  we  found  that  analog  3  could  also  inhibit  g-thrombin- 
induced  platelet  aggregation  (10^=20  pM),  suggesting  that  aggregation  responses  to 
both  a-  mid  g-thrombin  presumably  occur  through  identical  platelet  receptors. 

An  additional  series  of  antagonists  in  which  the  N-acyl-group  attached  to  the 
Phe2-residue  was  altered  to  afford  mono-  or  di-N-alkyl-Phe2-containing  analogs  woe 
also  examined.  Compounds  in  this  series  were  prepared  by  reductive  alkylation  of 
the  appropriate  aldehyde  with  the  corresponding  a-amino  group  of  the  Phe  residue  in 
peptides  attached  to  solid-phase  resins  using  NaCNBH3  in  acidified  DMF  [7, 8].  The 
mono-  and  di-N-alkyl-Phe2-analogs  required  at  least  one  alkyl  group  larger  than 
methyl  to  display  antagonist  activity.  Modest  antagonist  activity  was  observed  with 
either  C4  or  Cs  chains  but  was  significantly  enhanced  when  a  cyclohexylmethyl 
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group  was  one  of  the  N-alkyl  groups  of  the  N-terminal  Phe  residue  (Analog  8). 
Again,  partial  agonist  activity  could  be  seen  at  higher  concentrations  for  some  of 
these  analogs. 

Previous  observations  with  "tethered  ligand"  agonist  sequences  from  the 
thrombin  receptor  have  implicated  the  critical  importance  of  the  free  ammonium 
group  for  receptor  activation  [4].  We  therefore  proposed  that  one  potential  way  of 
obtaining  thrombin  receptor  antagonists  was  to  modify  the  amino  terminal 
ammonium  group  while  retaining  other  important  side  chain  interactions  of  the 
"tethered  ligand"  agonist  sequences.  This  approach  has  yielded  two  classes  of  novel 
receptor  antagonists  which  appear  to  antagonize  both  thrombin  and  agonist  peptide- 
induced  responses  in  platelets.  This  data  is  consistent  with  the  hypothesis  that  these 
ligands  bind  to  a  site  within  the  body  of  the  receptor  that  is  the  same  as  the  domain 
to  which  the  cleaved  "tethered  ligand”  binds,  resulting  in  receptor  activation. 
Although  these  initial  antagonists  display  only  modest  antagonist  activity  in 
inhibiting  platelet  activation,  additional  improvements  to  the  activity  of  these 
analogs  and  removal  of  the  partial  agonist  activity  of  analogs  should  afford  agents 
with  significant  utility  in  studying  the  physiological  and  pharmacological  conse¬ 
quences  of  thrombin  receptor  antagonism. 
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Introduction 

The  recent  development  of  non-peptide  angiotensin  II  ( Ang)  receptor  antagonists 
has  led  to  the  identification  of  at  least  two  Ang  receptor  subtypes.  One  subtype 
exhibiting  a  high  affinity  for  DuP  753  (a  non-peptide  Ang  antagonist  [IC^  of  -20 
nM])  has  been  termed  AT].  The  other  subtype  exhibiting  a  high  affinity  for  PD 
123319  (also  a  non-peptide  ligand  [ICjo  of  -30  nM])  has  been  termed  AT2  [1].  The 
molecular  properties  of  the  AT]  receptor  have  been  extensively  investigate'*  and  it  is 
now  well  established  that  this  receptor  and  its  subtypes  belong  to  the  super  family  of 
G  protein  coupled  receptors  with  7  transmembrane  domains  [2,  3].  The  molecular 
and  physiological  properties  of  the  AT2  receptor  are  much  less  known,  and,  since  a 
clear  physiological  role  is  still  not  defined,  cloning  and  isolation  efforts  have  not 
succeeded  so  far.  Earlier  AT2  photoaffinity  labeling  attempts  with  l25I-[Sar', 
Phe(N3)8]Ang  (125I-Ang-N3),  the  photoaffinity  label  which  permitted  successful  AT] 
labeling,  were  however  unsuccessful  and  a  new  photolabeled  peptide  was  prepared: 
125l-[Sar',  Bpa*]Ang  (Bpa=p-benzoylphenylalanine).  This  compound  was 
incorporated  with  a  high  yield  of  70%  into  the  AT2  receptor  [4].  We  therefore 
conducted  labeling  experiments  with  AT2  bearing  tissues  from  several  sources: 
Human  myometrium,  R3T3  cells  (murine  fibroblast),  and  PC  12  cells  (rat 
pheochromocytoma)  and  compared  than  to  AT] -labeling  experiments. 

Results  and  Discussion 

Photoaffinity  labeling  experiments  on  AT|  tissue  (bovine  adrenal  cortex 
membranes,  123I-Ang-N3)  produced  after  solubilization  and  SDS-PAGE  a  specifically 
labeled  band  at  58  kDa  (Figure  1,  lane  2)  which  was  prevented  by  co-incubation  of 
either  Ang  or  L-158,809  (a  highly  selective  non-peptide  AT]  antagonist)  but  not  by 
PD  123319,  all  at  1  pM.  AT2- bearing  membranes  were  photolabeled  in  the  presence 
of  l25I-Ang-Bpa  and  specifically  labeled  bands  were  obtained  after  SDS-PAGE  at  68 
kDa  (human  myometrium,  Figure  1,  lane  4),  at  95  kDa  (R3T3,  Figure  1,  lane  6)  and 
at  130  kDa  (PC  12,  Figure  1,  lane  8).  All  AT2  labeling  was  suppressed  in  the 
presence  of  Ang  (1  pM)  or  of  PD  123319  (1  pM)  but  not  by  L-158,809  (1  pM). 
Solubilized-photolabeled  membranes  were  treated  with  Glycopeptidase-F  (PNGase-F) 
and  also  subjected  to  SDS-PAGE.  All  experiments,  regardless  of  tissue  origin, 
resulted  in  similar  protein  sizes  around  32  kDa  (Figure  I.  ATp  adrenal,  lane  1;  AT2: 
myometrium,  lane  3;  R3T3,  lane  5;  and  PCI 2,  lane  7).  Time-course  deglycosylation 
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assured  absence  of  protease  activity  and  residual  glycosylation:  Incubation  of 
solubilized  labeled  mymometrium  membranes  with  PNGase-F  (3  U/ml)  were 
interrupted  at  5,  13,  30  and  60  min,16  h  and  24  h.  The  initial,  diffuse  band  at  68 
kDa  disappeared  gradually  within  1  h,  after  16  h,  a  predominant  and  narrow  band  at 
36  kDa  was  visible,  and  after  24  h  another  band  at  32  kDa  became  visible.  A  high 
strength  digestion  with  PNGase-F  (60  U/ml)  showed  at  1  h  this  32  kDa  band  as 
predominant  with  traces  at  36  kDa  remaining.  Further  exposure  up  to  60  h  revealed  a 
single  32  kDa  band  with  no  higher  or  lower  molecular  weight  protein  present. 


Fig.  1.  SDS-PAGE  analysis  of  denatured-photolabeled  Ang  receptors.  AT,  receptors  from 
bovine  adrenals  were  photolabeled  with  ,2SI-Ang-Nj,  solubilized  and  incubated  in  the 
presence  (lane  I)  or  absence  (lane  2)  of  PNGase-F  (3  U/ml).  AT2  receptors  from  human 
myometrium,  R3T3  cells  and  PCI2  cells  were  photolabeled  with  l25l-Ang-Bpa, 
solubilized  and  incubated  in  the  presence  ( lane  3:  human  myometrium;  lane  5:  R3T3  cells; 
lane  7:  PC  12  cells )  or  absence  (lane  4:  human  myometrium;  lane  6:  R3T3  cells;  lane  8: 
PC  12  cells)  of  PNGase-F  (3  U/ml). 

We  report  here  the  use  of  a  new  photoactivatable  probe  (1I5I-Ang-Bpa)  for  the 
photoaffinity  labeling  of  Ang  receptors.  This  probe  is  very  efficient  for  the  covalent 
labeling  of  AT2  receptors.  SDS-PAGE  analysis  revealed  heterogeneity  in  the  size  of 
AT2  receptors  varying  from  68  to  130  kDa  for  the  AT2  receptor  of  human 
myometrium  and  PC12  cells,  respectively.  An  intermediate  value  was  obtained  for 
the  AT2  receptor  of  R3T3  cells  with  an  Mr  close  to  100  kDa.  Dudley  et  al.  [5],  using 
a  chemical  cross-linking  technique,  found  a  similar  Mr  of  100  kDa  for  the  AT2 
receptor  of  R3T3  cells.  Pucell  et  al.  [6],  using  the  same  approach,  found  a  Mr  of  79 
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kDa  for  the  AT2  receptor  of  rat  ovarian  granulosa  cells.  These  results  strongly 
suggest  that  there  are  not  only  species  differences  but  also  tissue  differences  in  the 
molecular  structure  of  AT2  receptors.  Interestingly,  deglycosylation  of  AT2  receptors 
of  human  myometrium,  R3T3  cells  and  PC  12  cells  resulted  in  the  production  of  at 
least  two  discemable  populations  of  proteins,  one  of  them  having  a  common  Mr  of 
32  kDa.  The  higher  molecular  weight  proteins  are  the  result  of  partial 
deglycosylation  since  longer  periods  of  incubation  with  higher  amounts  of 
endoglycosidase  cause  their  disappearance,  leaving  only  the  protein  migrating  at  an 
Mr  of  32  kDa.  The  deglycosylation  of  the  AT)  receptor  of  bovine  adrenal  cortex 
reduced  its  Mrfrom  58  kDa  to  the  same  32  kDa  value.  Carson  et  al.  [7],  using  the 
same  endoglycosidase,  evaluated  a  similar  M,  of  34  kDa  for  the  deglycosylated  form 
of  the  AT,  receptor  of  bovine  adrenal  cortex.  The  theoretical  molecular  weight  of  the 
AT,  receptor  deduced  from  its  sequence  has  been  evaluated  at  41  kDa  [2, 3].  The  gap 
existing  between  this  value  and  the  one  obtained  by  Carson  et  al.  [7]  and  our  group 
could  be  explained  by  a  partial  specific  proteolysis  in  the  C-terminal  part  of  the 
receptor  occurring  during  the  membrane  preparation  or  the  different  incubations 
performed  for  the  labeling  and  the  deglycosylation.  Since  specific  proteolysis  of  the 
receptor  to  32  kDa  may  occur  [8],  it  would  be  premature  to  conclude  anything  about 
the  similarity  existing  between  the  M,  of  deglycosylated  AT,  and  AT2  receptors.  The 
cloning  and  sequencing  of  the  AT2  receptor  will  most  certainly  help  to  understand 
this  phenomenon.  In  conclusion,  the  results  reported  here  demonstrate  that  variations 
in  carbohydrate  content  contribute  to  the  physical  heterogeneity  of  AT2  receptors  in 
individual  target  tissues. 
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Introduction 

Introduction  of  additional  positively  charged  amino  acids  in  peptides  acting  on 
membrane  bound  receptors  has  been  demonstrated  to  cause  significant  enhancement  in 
their  biological  effects  [1,  and  Sharma  et  al„  this  volume].  This  may  be  the  result 
of  a  more  pronounced  cationic  character  of  these  derivatives  causing  an  increased 
affinity  for  cell  membranes  [2].  Incorporation  of  these  additional  positive  charges  in 
a  peptide  requires  the  identification  of  a  site(s)  in  the  molecule  at  which  their 
incorporation  does  not  compromise  its  ability  towards  receptor  recognition, 
selectivity,  and  signal  transduction.  In  the  present  study  cationic  analogues  of  an 
opioid  peptide  selective  for  delta  opiate  receptors,  Tyr-Q-Ala-Phe-Glu-Val-Val-Gly- 
NH2  (deltorphin-II),  were  synthesized  and  studied  for  their  biological  characteristics  so 
as  to  identify  such  site(s)  in  the  molecule.  It  is  well  established  that  the  deltorphins, 
like  all  other  opioid  peptides,  require  a  cationic  center  at  their  N -terminus  as  one  of 
the  absolute  requirements  for  them  to  be  recognized  by  their  receptors.  It  has  also 
been  shown  earlier  that  in  enkephalins  this  cationic  center  can  be  removed  further 
from  the  N-terminus  by  one  amino  acid  residue  [3].  Based  on  these  considerations 
various  cationized  deltorphin-II  analogues  with  a  generic  structure:  (Xxx)n-Tyr-D-Ala- 
Phe-Glu-Val-Val-Gly-NH2  (Xxx  is  a  dibasic  amino  acid,  and  n  is  1-6)  were 
synthesized  and  evaluated  for  their  biological  activities.  This  study  has  further  helped 
us  to  design  a  series  of  cyclic  deltorphin  analogues  in  which  the  tyrosine  residue  is 
also  a  part  of  the  cycle. 

Results  and  Discussion 

The  biological  activity  results  on  these  analogues  in  rat  brain  receptor  binding 
assays  and  peripheral  functional  assays  (Table  1)  demonstrated  that  all  the  analogues 
retained  their  selectivity  for  5  receptors.  This  clearly  suggests  that  the  structural 
changes  at  the  N-terminus  of  the  molecule  have  no  bearing  on  the  selectivity  of  the 
peptides.  They,  however,  do  affect  the  potency.  The  analogues  having  one  or  more 
additional  amino  acid(s)  at  the  N-terminus  (e.g.  1-6,  9,  and  11)  were  still  quite 
potent  in  the  MVD  assay  and  were  also  good  binders.  A  comparison  of  the  activity 
profiles  of  analogues  4, 11,  and  12  strongly  suggests  that  it  is  the  a-NH2 
functionality  (not  the  e-NH2)  that  is  the  all-important  cationic  center  required  for 
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interaction  in  this  series  of  peptides  with  die  opioid  receptors.  This  is  also  suggested 
by  the  low  activities  of  7, 8,  and  10  in  comparison  with  their  corresponding  linear 
analogues  1,  3,  and  9.  Further,  it  was  very  interesting  to  note  that  the  biological 
activities  of  1-10  under  assay  conditions  in  which  proteolytic  enzyme  inhibitors 
were  excluded  tend  to  approach  that  exhibited  by  deltorphin-II  under  similar 
conditions  (data  not  shown).  This  suggests  that  all  the  basic  amino  acid  residue(s) 
inducted  at  the  N-terminus  in  these  analogues  tend  to  cleave  off  by  the  enzymes  at  the 
receptor  site  to  liberate  a  molecule  of  deltorphin-II.  These  results  suggest  the 
possibility  of  creating  prodrugs  specifically  for  the  delta  opiate  receptors  in 
approaches  to  target  them  through  the  blood-brain-barrier. 

Table  1  Biological  activities  (lCsa  nM)  of  deltorphin  analogues 


Radioreceptor  binding  Peripheral  assay 


Analogue  [3H]pG-DPDPE 

[3H]CTOP 

MVD 

GPI 

Y-a-F-E-V-V-G-NHj 

0.73 

1700 

0.35 

15000 

1 . 

R-Y-a-F-E-V-V-G-NH2 

14.9 

>80pM' 

8.54 

6885 

2. 

R-R-Y-a-F-E-V-V-G-NHj 

8.89 

11113 

6.73 

2405 

3, 

K-R-Y-a-F-E-V-V-G-NPLj 

20.7 

>80pM2 

8.27 

15659 

4. 

K-Y-a-F-E-V-V-G-NH2 

25.2 

37459 

7.9 

9958 

5  . 

K-K-Y-a-F-E-V-V-G-NHj 

38.8 

>80pM3 

7.01 

23146 

6  . 

R-K-Y-a-F-E-V-V-G-NHj 

29.4 

60394 

2.33 

12728 

7. 

LR-Y-a-F-fc-V-V-G-NH2 

1704 

39257 

1712 

>60pM4 

8  . 

LK-R-Y-a-F-fe-V-V-G-NHj 

7659 

73545 

2366 

>60pM5 

9. 

R-K-R-K-R-K-Y -a-F-E- V- V-G-NHj 

31.8 

13360 

8.77 

19660 

10.  LR-K-R-K-RK-Y-a-F-fe- V-V-G-NH2 

94.3 

7409 

28.6 

>25  pM6 

11. 

(Nle°)-Y -a-F-E-V -V  -G-NH2 

10.4 

12171 

0.46 

5420 

12.  (NHj-tCHj^-CO-Y-a-F-E-V-V-G-NHj 

642 

>80pM6 

138.2 

>60pM4 

13. 

fc-Y-a-F-fe-V-V-G-NHj 

524 

>I0pM2 

502.7 

>50pM3 

14. 

k-Y-a-F-fe-V-V-G-NHj 

3900 

>80pM7 

1064.6 

>50pM7 

Observed  inhibition  at  this  concentration:  '44%,  248%,  3 40%,  *0%,  522%,  *19%,  and 
720%. 


Based  on  these  studies  and  to  explore  the  stereochemical  features  of  die  cationic 
center  with  respect  to  the  message  sequence  13  and  14  were  investigated. 
Geometrical  shape  comparison  of  a  low  energy  conformer  of  13  generated  by  ECEPP 
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Fig.  1.  Geometrical  shape  comparison  of  low  energy  conformers  of  13  (bold  line)  and 
[H-Cys2,  Cys5 ]deltorphin-I  ( thin  line). 

force  field  [4]  with  a  structure  suggested  earlier  for  Tyr-D-Cys-Phe-Asp-Cys-Val-Gly- 
NH2,  a  potent  deltorphin-I  analogue  [S],  exhibited  excellent  overlap  of  these  two 
analogues  (Figure  1)  both  in  respect  to  the  backbone  and  the  side  chains  of  Tyr  and 
Phe  residues  (rms  =  0.6  A  at  all  common  C01  and  C®  atoms).  However,  13  was  600 
fold  and  2183  fold  less  potent  than  U2-C^sJ,  Cys3]deltorphin-I  in  6- receptor  binding 
MVD  assay  respectively,  thereby  suggesting  that  it  presents  a  different  topography  at 
the  receptor.  A  switch  in  chirality  of  the  lactam  bridge  (e.g.  14),  however,  still 
suggests  that  13  represents  a  favorable  chirality.  It,  therefore,  appears  that  a 
definitive  lactam  ring  size  might  be  crucial  for  stabilizing  the  bioactive  conformation 
as  has  been  reported  earlier  in  the  case  of  cyclic  lactam  analogues  of  melanotropin 
[6].  Investigations  in  this  direction  are  continuing.  This  research  was  supported  by 
USPHSandNIDA. 
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Introduction 

Culekinins,  members  of  the  leucokinin  (LK)  family  of  insect  neuropeptides, 
were  isolated  from  the  mosquito  Culex  salinarius  (CDPI-NPFHSWGamide;  CDPII- 
NNANVFYPWGamide;  CDPHI-WKYVSKQKFFSWGamide).  The  leucokinins 
(LK)  are  a  family  of  multifunctional  neuropeptides  found  in  at  least  four  insect 
species  which  share  a  conserved  C-terminal  pentamer  (FX(S/P)WGamide)  [1,  3]. 
Culekinins  and  other  leucokinin  family  members  stimulate  a  Cl'  dependent 
depolarization  of  the  transepithelial  voltage  and  fluid  secretion  from  Malpighian 
tubules  (Aedes  aegypti)  [2],  The  effect  of  several  leucokinin  analogs  on 
depolarization  of  the  transepithelial  voltage  of  Aedes  aegypti  Malpighian  tubules  was 
examined  to  begin  to  gain  insight  into  structure-activity  relationships.  Identification 
of  core  sequences  and  important  side  chains  were  necessary  for  the  design  of 
photoaffinity  probes  to  begin  to  study  the  mosquito  receptor  system. 

Results  and  Discussion 

A  core  LK  fragment  (FYSWGamide)  was  examined  closely  with  a  series  of 
analogs  that  contained  a  single  Ala  replacement  per  analog  (Figure  1).  Replacement 
of  any  of  the  three  aromatic  side  chains  in  the  LK  fragment  resulted  in  a  large 
potency  loss  for  the  respective  analog.  The  order  of  importance  for  these  side  chains 
for  depolarizing  Malpighian  tubules  was  Phe'>Trp4>Tyr2.  Examination  of  other 
naturally  occurring  core  pentapeptides  from  the  LK  family  suggested  that  the 
achetakinin  pentamer,  FXPWGamide  (isolated  from  Acheta  domestica)  was  preferred 
over  the  standard  LK  pentamer,  FXSWGamide.  Additionally,  phenylalanine  was  the 
prefared  aromatic  amino  acid  in  the  "X”  position  of  the  LK  pentamer. 

A  photoaffinity  analog  (PAL)  containing  a  pbotoreactive  amino  acid,  4- 
benzoylphenylalanine  (Bpa)  and  a  D-Tyr  to  the  N-tenninus  of  the  receptor  interactive 
C-terminal  pentamer  [(dAXdYXBpa)KFFSWGamide]  has  been  prepared.  The  PAL 
successfully  stimulated  the  depolarization  of  mosquito  Malpighian  tubules  even  after 
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CONTROL  F  Y  S  W  G 
Single  Amino  Acid  Replaced  With 


Ala  In  Analog  Sequence 

Fig.  I.  ED50s  of  single  Ala  replacement  analogs  for  a  common  leucokinin  core  that 
stimulated  depolarization  of  mosquito  Malpighian  tubule  TEV.  TEV-Transepithelial 
voltage. 


iodination.  Photolysis  (350  nm)  of  the  iodinated  PAL  with  Aedes  Malpighian  tubule 
membranes  resulted  in  the  specific  labeling  of  a  single  60  kDa  membrane  protein 
(Figure  2).  An  excess  (10  nmol)  of  unlabeled  analog  (FFSWGamide)  protected  the 
60  kDa  protein  labeling  suggesting  specific  binding.  The  photoaffinity  label  can  be 
used  to  search  for  receptor-like  binding  proteins  in  other  tissues.  For  example,  the 
photolysis  reaction  was  also  carried  out  with  cricket  Malpighian  tubule  membranes. 
Two  cricket  membrane  proteins  were  specifically  labeled  (Figure  3). 


0 _ 10  1  100  10 _ 1 

nanomole*  pcomotes 

of  FFSWGa  added  to  lane 

Fig.  2.  SDS-PAGE  of  mosquito  Malpighian  tubule  membrane  preparations. 
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*  Achetakinin  Receptors  ? 

Fig.  3.  SDS-PAGE  of  cricket  Malpighian  tubule  membrane  preparations.  PAL- 
photoaffinity  label  BLG-pLactoglobulin. 

An  important  point  for  successful  labeling  was  the  addition  of  relatively  large 
amounts  of  exogenous  protein  (i.e.,  1%  w/v)  to  the  medium  during  membrane 
preparation  and  incubation.  {J-Lactoglobulin  (BLG)  proved  to  be  more  useful  than 
BSA  for  this  purpose.  For  example,  the  low  molecular  weight  of  BLG  meant  that 
this  protein  did  not  interfere  with  SDS-PAGE  analysis  as  did  the  BSA  (compare 
Figures  2  &  3). 
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Introduction 

Antigen  presenting  cells  (APC's)  process  and  present  antigens  in  the  form  of 
peptides  in  association  with  class  II  MHC  molecules  for  the  activation  of  CD4+  T 
lymphocytes  as  shown  in  Figure  1.  Peptide  binding  has  been  shown  to  be  critical 
for  the  expression  of  MHC  class  I.  MHC  class  II  a  and  p  chains  form  a  compact 
molecule  before  surface  expression.  Recent  evidence  suggests  that  peptide  binding 
may  influence  compact  state  formation  and  stabilize  a  and  |3  chain  association.  TA3 
cells,  a  murine  B  cell  hybridoma,  express  both  I-Ad  and  I-Ak.  We  have  reported  that 
TA3  cells  slowly  lose  I-Ad  expression  in  culture  while  I-Ak  and  B220  expression 
remain  constant  [1],  This  decrease  may  therefore  be  due  to  the  lack  of  peptide  ligand 
saturation  of  I-Ad  molecules.  We  show  here  that  addition  of  selected  peptides  can 
restore  I-Ad  expression  within  24  hrs  in  a  dose-  and  affinity-dependent  fashion.  We 
have  explored  the  possible  mechanism  for  the  variation  in  I-Ad  expression  on  TA3 
cells. 

Results  and  Discussion 

The  invariant  chain  (Ii)  blocks  the  peptide  groove  binding  while  the  aP 
complex  is  in  the  endoplasmic  reticulum  (ER).  Once  released  the  Ii  chain  is  degraded 
and  peptides  are  able  to  bind  and  stabilize  the  complex  which  is  then  exported  and 
displayed  on  the  APCs  surface  for  immune  recognition  [2]. 

We  have  used  a  low  I-Ad  expressing  clone,  TA2.11,  which,  when  incubated 
with  I-Ad  binding  antigens,  regained  the  expression  of  I-Ad.  Figure  2  shows  that 
ovalbumin  (OA)  increased  1-Ad  surface  expression  more  than  one  of  its  synthetic  OA 
peptides  323-339.  Other  I-Ad  restricted  peptides,  (EYA)S  (E5)  and  EYK(EYA)4  (K4), 
also  upregulated  TA3.1 1  I-Ad  surface  expression.  Control  antigen  hen  egg  lysozyme 
(HEL)  which  is  not  I- Ad  restricted  did  not  increase  the  expression  of  I- Ad. 

As  expected,  recombinant  interleukin  4  (rOL-4)  also  increased  I-Ad  surface 
expression  on  TA3.11  cells  but  interferon  y  (IFNy)  downregulated  expression  [3]. 
When  rat  concavalin  A  supernatant  (rCAS),  containing  both  IL-4  and  IFNy,  was  used 
there  was  no  effect  on  I-Ad  expression.  It  seems  that  these  cytokines  cancel  each 
other's  effects. 
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Fig.  1.  MHC  class  II  a  and  P  complex  formation  and  antigen  processing  and  presentation, 
a,  p,  and  invariant  (Ii)  chains  are  assembled  in  the  endoplasmic  reticulum.  The  Ii  chain 
blocks  peptide  binding  to  the  aP  complex  until  it  reaches  the  endosomal  stage  where  the 
Ii  chain  is  degraded,  allowing  exogenous  endocytosed  peptide  to  bind.  Peptide  binding 
may  stabilize  this  compact  state,  ensuring  transport  to  and  expression  on  the  cell  surface. 

Titrations  of  rIL-4  and  OA  or  its  323-339  peptide  added  simultaneously  did  not 
show  synergy  for  I-Ad  expression  upregulation. 

TA3.26,  a  high  I- Ad  expressing  subclone,  did  not  show  these  effects.  Northern 
blots  of  TA3.1 1  and  TA3.26  suggest  that  these  subclones  contain  the  same  amounts 
of  mRNA  for  I-A.  Therefore,  the  difference  in  I-Ad  expression  is  not  because  of 
different  levels  of  transcription  but  due  to  the  difference  in  die  assembly  of  class  II 
chains  induced  by  the  I-A4  binding  antigens. 

These  results  suggest  that  peptide  ligand  alone  can  influence  the  expression  of 
class  II  molecules  on  the  surface  of  APC's  presumably  by  stabilizing  the  compact 
state  formation  of  a0  chain  complex.  Our  results  explain  why  low  MHC  class  II 
expressing  APCs  could  present  antigen  to  T  cells. 
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Fig.  2.  Regulation  of  MHC  class  II  I-Ad  surface  expression  on  TA3.1I  cells.  I(fi  TA3.Il 
cells  were  incubated  with  various  antigens  and/or  cytokines  for  24  hrs,  washed  and  then 
incubated  with  100  pi  MKD6  supernatant  for  30  mm,  washed  and  then  incubated  with  100 
pi  1/50  fluorescein  conjugated  goat  anti-mouse  Ig  for  30  min.  Cells  were  then  resuspended 
in  PBS  before  FACS  analysis.  HEL,  OA,  OA  peptide,  K4,  and  E5  were  used  at  10  pM.  IL-4, 
IFNY,  and  rCAS  were  used  at  400  U/ml,  100  U/ml,  and  10%  respectively. 
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Introduction 

Human  T-cell  lymphotropic  virus  type  1  (HTLV-I)  has  been  implicated  as  the 
causative  agent  of  adult  T-cell  leukemia  and  a  chronic  degenerative  myelopathy  [1], 
The  immunopathogenesis  of  HTLV-I  infection  and  disease  is  poorly  understood 
despite  a  large  body  of  information  concerning  the  molecular  biology  of  the  virus. 
Even  though  several  immunodominant  epitopes  of  the  HTLV-I  envelope  gp46  have 
been  mapped  [2,  3]  that  induce  both  humoral  and  cellular  immune  responses,  the 
identification  and  characterization  of  these  epitopes  which  elicit  a  protective  immune 
response  remains  a  central  obstacle  to  the  development  of  a  vaccine  against  the  virus 
infection.  Some  epitopes  have  elicited  antibodies  which  block  HTLV-I  mediated  cell 
fusion  but  have  not  elicited  a  protective  immune  response.  In  order  to  further 
delineate  the  immunogenicity,  antigenicity  and  immunoprotective  capacity  of  HTLV- 
I  gp46  envelope  protein,  we  have  selected  two  known  regions  encoding  a  neutralizing 
epitope  (SP2,  86-107)  [4]  and  an  overlapping  cytotoxic  and  B-cell  epitope  (SP4a, 
190-209)  [2].  We  recently  developed  strategies  for  bypassing  haplotype  restricted 
immune  responses  through  the  design  of  chimeric  constructs  incorporating  B-cell 
epitopes  with  "promiscuous"  T-cell  epitopes,  as  well  as  the  concurrent  and  parallel 
assembly  of  multiple  and  individual  epitopes  on  a  multivalent  template,  and  have 
demonstrated  their  utility  for  rational  vaccine  design  [S,  6].  In  the  work  described 
here,  we  have  designed  and  synthesized  HTLV-I  chimeras  of  SP2  and  SP4a  with  a 
"promiscuous"  measles  virus  (MVF)  T-cell  epitope.  Additionally,  in  order  to 
develop  a  universal  HTLV-I  vaccine  able  to  elicit  optimal  B-cell,  helper  T-cell  and 
cytotoxic  responses,  we  have  constructed  two  multivalent  vaccines  comprising  two 
"promiscuous"  T-ceil  epitopes  from  MVF  and  tetanus  toxoid  (  IT  ),  with  either  the 
neutralizing  epitope  SP2  alone,  or  with  SP2  in  combination  with  SP4a  on  a 
multivalent  f)  sheet  template. 
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Results  and  Discussion 

Both  chimeric  constructs  SP4-MVF  and  MVF-SP2  produce  antipeptide 
antibodies  in  rabbits  which  are  cross-reactive  with  the  immunogen,  the  individual 
B-cell  epitopes  and  the  MTA-1  recombinant  protein  (in  the  case  of  SP4-MVF).  Our 
studies  in  three  inbred  strains  of  mice  (C3H/HeJ,  H-2k;  BALB/c,  H-2d;  and  C57BL/6, 
H-2b)  show  that  all  mice  (5/5,  or  4/4)  responded  to  the  chimeric  immunogens  with 
moderate  titers  (6400-12800)  in  the  case  of  MVF-SP2,  and  with  relatively  high  titers 
(>12800)  in  the  case  of  SP4-MVF.  The  high  reactivity  of  SP4-MVF  to  the 
immunogenic  sequence  paralleled  its  reactivity  to  the  MTA-1  recombinant  protein 
(kindly  provided  by  Dr  S.  Foung,  Stanford  University  Blood  Bank,  Palo  Alto,  CA) 
in  all  strains.  Modest  titers  to  individual  peptide  may  be  due  to  inappropriate 
presentation  on  ELISA  plates. 
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Fig.  1.  Whole  virus  ELISA  of  immunized  rabbits.  Rabbits  were  immunized  with  template 
constructs  (e.g.,  T  +  2/4  =  rabbits  immunized  with  template  with  SP2  and  SP4a).  Serum 
(1:20)  was  tested  at  one  week  aft  -  2nd  immunization  (mean  0.0+/-  5.E.M.,  n=5). 


Fig.  2.  Syncytia  inhibition  assay  of  mice  strains  SP4a.  Mice  strains  were  immunized  with 
either  MVF  +  SP4a  (e.g.,  c3h  -  m4)  or  beta  template  with  SP2  and  SP4a  (e.g.,  cJh  -  T2/4). 
Syncytia  for  4  x  lOx  fields.  Arrow  =  syncytia  in  wells  with  prebleed  serum  samples. 
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Mice  (S/S)  from  all  three  strains  (C3H/HeJ,  B  ALB/c  and  C57BL/6)  immunized 
with  the  SP2/Sp4a  combination  template  constructs  elicited  high  titers  of  antibodies 
(>12800)  to  both  the  immunogen  and  the  recombinant  protein,  while  once  again 
minimal  immune  reactivity  was  observed  when  the  SP2  epitope  was  incorporated 
into  the  template  design.  The  antibodies  recognized  native  forms  of  HTLV-I 
envelope  proteins  in  whole  virus  ELISA,  radioimmunoprecipitation,  and 
immunofluorescence  assays.  In  ELISA  to  whole  virus  preparations  three  out  of  the 
six  rabbits  immunized  with  SP2/SP4a  template  and  SP4-MVF  (Figure  1)  showed 
high  positive  reactivity  and  the  same  animals  recognize  the  surface  of  infected  cells 
(1:40  -  1:320  titers)  by  immunofluorescence.  Serum  samples  from  immunized  mice 
and  rabbits  were  further  tested  in  syncytia  inhibition  assay  (Figure  2)  to  determine  the 
ability  of  elicited  antibodies  to  prevent  HTLV-I  mediated  cell  fiision.  Antibodies 
produced  in  response  to  the  SP4a-MVF  and  SP2/SP4a  template  constructs 
significantly  inhibited  HuT102  (HTLV-I)  induced  syncytia  induction  in  human 
osteosarcoma  cells. 

The  linear  form  of  the  SP2  epitope  was  ineffective  at  eliciting  neutralizing 
antibodies  in  the  presence  of  the  promiscuous  T-cell  epitopes.  This  result  can  be 
easily  rationalized  in  view  that  the  SP2  site  encodes  a  conformational  loop-structured 
motif  as  predicted  by  two  predictive  algorithms  and  consequently  antibodies  raised  to 
the  sequential  SP2  epitope  do  not  adequately  mimic  the  proper  conformation. 
Further  work  in  progress  to  engineer  the  SP2  epitope  into  a  conformationally 
dependent  sequence  may  provide  an  alternative  to  eliciting  high  affinity  neutralizing 
antibodies,  and  provide  an  efficacious  vaccine  against  HTLV-I  infection.  Our  results 
show  that  the  SP4-MVF  chimeric  construct  and  the  multivalent  combination 
SP2/Sp4a  (TT-MVF)  were  highly  effective  while  the  MVF-SP2  and  the  SP2(TT- 
MVF)  construct  were  ineffective  at  eliciting  high  titered  neutralizing  antibodies  in 
both  mice  and  rabbits. 
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Introduction 

The  complementary  determining  regions  (CDRs)  of  antibodies  are  responsible 
for  die  specificity  of  the  antibody.  X-ray  crystallography  has  shown  that  the  three 
CDRs  of  the  variable  (V)  region  of  the  heavy  chain  and  the  three  CDRs  of  the  V 
region  of  die  light  chain  may  all  have  contact  with  the  epitope  in  an  antigen-antibody 
complex  [1],  Also  residues  in  the  conserved  p-sheet  forming  sequences,  the 
framework  regions  (FR),  spacing  the  CDRs,  can  add  to  the  binding  [1],  Single 
peptides  corresponding  to  die  CDRs  of  mAbs  to  various  antigens  have  been  shown 
to  mimic  the  recognition  by  the  respective  mAb  [2].  We  have  recentiy  found  that  a 
peptide  corresponding  to  the  CDRH3  of  a  mAb,  specific  for  the  V3  region  of  human 
immunodeficiency  virus  !  (HIV-1),  neutralizes  the  virus  in  vitro  [3]. 

The  HBcAg  has  been  immunologically  well  characterized,  but  the  main 
recognition  site  for  human  HBc  specific  antibodies  which  is  known  to  be 
discontinuous  [4]  has  not  been  identified.  The  HBc  specific  mAbs  Cl-5  and  35/312 
recognize  neighbouring  linear  epitopes  [5,  6]  and  inhibit  the  binding  of  human 
antibodies  to  HBcAg  (anti-HBc).  The  amino  add  sequence  of  the  V  region  of  mAb 
Cl-5  of  the  heavy  and  light  chains  has  recently  been  revealed  [7].  We  were  therefore 
interested  to  analyze  whether  synthetic  peptides,  corresponding  to  the  CDRs  of  die 
mAb  Cl-S  HBc  specific  for  HBcAg,  were  able  to  bind  HBcAg,  thereby  allowing  a 
detailed  characterization  of  the  paratope. 

Results  and  Discussion 

The  Cl-5  mAb  was  raised  against  recombinant  HBcAg,  and  was  found  reactive 
to  a  peptide  covering  residues  74  to  90  of  HBcAg  (Figure  la).  However,  the  binding 
of  C 1-5  to  peptide  74-90  could  only  be  inhibited  by  particulate  HBcAg,  suggesting  a 
discontinuous  determinant  as  the  main  target  (Figure  lb).  The  HBc  mAb  35/312 
(Behring werke  AO)  recognizes  a  linear  epitope  at  residues  77  to  83  of  die  HBc 
sequence  (5, 6],  and  HBc  mAh  7/275  (Betuingwerke  AG)  recognizes  a  yet  unknown 
determinant  within  the  HBc  sequence  (5,  6].  Synthetic  peptides  were  synthesized 
according  to  a  method  for  multipie  peptide  synthesis  using  Fmoc  protected  amino 
acid  esters  [8].  Peptides  were  synthesized  corresponding  to  the  six  CDRs  of  the 
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heavy  and  light  chains  of  mAb  Cl-5  [7],  three  cyclized  CDRH2  peptides,  and  a  set  of 
substitution  peptide  analogues  of  CDRH2  where  each  amino  acid  within  the  CDRH2 
sequence  was  sequentially  substituted  by  Ala  or  Gly. 


n»«Wm«  at  HSoAg  want  by  pipMO  Molar  My  ol  InklkMinf  proto  In /yaytUo 


Fig.  1.  Mapping  of  the  recognition  site  for  mAb  Cl-5  using  synthetic  peptides  covering 
the  HBcAg  sequence  (a).  Fig.  lb  shows  inhibition  of  mAb  Cl-5  binding  to  peptide  HBc 
74-90,  by  peptide  HBc  74-90,  by  denaturated  recombinant  HBcAg  (drHBcAg),  and  by 
rHBcAg,  added  in  solution. 

All  peptides  were  analyzed  by  reverse  phase  HPLC  using  a  Pep-S  Sfi  column 
(Pharmacia,  Uppsala,  Sweden),  run  with  a  gradient  from  0%  to  60%  CH,CN  against 
water  containing  0.1%  trifluoroacetic  acid.  If  the  purity  was  less  than  80%,  peptides 
were  purified  by  the  same  procedure  using  a  slower  gradient.  Three  peptides,  in  which 
two  residues  were  substituted  by  Cys,  were  cyclized  on  the  resin  using  oxidation  by 
iodine  for  24  hours  at  room  temperature.  The  Cys  residues  were  placed  on  each  side 
of  die  predicted  fi-turn  between  positions  52a  and  54  of  the  CDRH2  sequence. 

Peptides  were  coated  to  microtiter  wells  (Nunc  96F  Certificated;  Nunc, 
Roskilde,  Denmark)  at  various  concentrations  in  0.05  M  sodium  carbonate  buffer,  pH 
9.6,  at  +4°C  overnight.  Excess  peptides  were  removed  by  washing  with  PBS 
containing  0.05%  Tween  20.  The  CDR  peptide-coated  (dates  were  assayed  for 
binding  using  rHBcAg,  subtype  ayw  with  an  lie  at  position  80.  The  rHBcAg  was 
diluted  from  2  pg/ml  to  0.156pgfml,  added  in  100  |il  portions,  and  incubated  with 
the  peptides  for  60  minutes  at  +37°C.  Excess  rHBcAg  was  removed  by  washing,  and 
bound  rHBcAg  was  indicated  by  horseradish  peroxidase  labelled  mAb  to  HBcAg 
(Clone  231;  Behringwerke  AO).  Ia  general,  each  reaction  differing  more  than  seven 
SB  from  the  mean  of  the  negative  control  was  regarded  as  reactive.  In  the  inhibition 
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experiments,  the  cut  off  was  set  so  that  a  reaction  giving  <50%  of  the  non-inhibited 
reaction  was  regarded  as  a  significant  inhibiting  concentration  (fC%)- 

The  CDRH2  peptide  of  mAh  Cl-5  was  the  only  peptide  capable  of  capturing 
recombinant  HBV  core  antigen  (Figure  2).  Two  }tg  or  more  of  this  CDR  peptide 
significantly  bound  rHBcAg.  The  CDRH2  binding  of  HBcAg  was  dependent  on  the 
amount  of  added  HBcAg  (data  not  shown).  None  of  the  other  heavy  chain  CDR 
peptides  or  the  light  chain  CDR  peptides  showed  any  reproducible  HBcAg  binding. 


FlgM*  1  Flu—  S 


Fig.  2.  Testing  of  the  CDRH  peptides  immobilized  to  microplate  wells  for  ability  to 
capture  rHBcAg  (lOOng/well)  using  die  EIA  procedure.  The  peptide  el 30- 147  corresponds 
to  residues  130-147  of  HBc/eAg  and  served  as  negative  control 

Fig.  3.  Ability  of  HBc  mAbs  Cl-5,  35/312,  and  7/275  to  inhibit  the  binding  of  rHBcAg 
(lOOng/well)  to  CDRH2  peptide  coated  to  the  wells  of  microtiter  plates. 

The  binding  of  rHBcAg  to  CDRH2  could  be  inhibited  by  addition  of  die  mAbs 
Cl-5  and  35/312  (Figure  3).  MAb  7/275  showed  no  significant  inhibition  of  the 
rHBcAg-CDRH2  binding  (Figure  3).  All  three  CDRH2  peptides  with  an  artificial 
disulphide  bridge  showed  a  more  efficient  binding  to  rHBcAg  than  the  linear  peptide, 
indicated  by  the  fact  that  8-52  times  more  mAb  was  necessary  to  displace  the  cyclized 
peptide  binding  to  rHBcAg.  None  of  die  CDRH2  linear  or  cyclized  peptide  analogues 
gave  reproducible  inhibition  patterns  when  tested  in  solution.  The  assaying  of  die 
substitution  analogues  coated  to  microtiter  plates  (3|ig/weU)  is  given  in  Figure  4. 
As  shown,  the  residues  most  essential  for  binding  of  CDRH2  to  HBcAg  are  Val51, 
Ser52*,  Ser52*,  Phe53,  and  Gly65.  Thus,  the  main  paratope  of  CDRH2  would  have 
the  sequence  Val51  -x-  Ser31*  -x-  Ser526  -  Phe53.  Also  shown  is  that  substitution  of 
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residues  55, 58, 61,  and  62  by  Ala  names  the  brnding,  indicating  dm  s  reduction 
in  the  number  of  charged  residues  in  the  carboxy  terminal  half  of  the  CDRH2  peptide 
enhances  the  reactivity  of  die  amino  terminal  paratope.  The  same  enhancement 
occurs  when  substituting  residues  56  and  60  by  (Hy. 

In  conclusion,  we  believe  dm  this  HBcAg  and  our  HIV-1  based  mini  antibody 
systems  provide  a  toed  for  epitope-paratope  interaction  studies  at  the  single  amino 
acid  level,  and  can  give  farther  information  about  the  binding  mechanisms  of 
antibodies. 


Fig.  4.  Assaying  of  ability  of  the  substitution  peptide  analogues  of  CDRH2  to  bind 
rHBcAg.  Each  residue  was  sequentially  substituted  by  Ala,  except  the  two  original  Ala 
residues,  which  were  substituted  by  Gly.  Values  are  given  as  the  percent  residual  binding 
of  each  substitution  peptide  analogue  as  compared  to  the  peptide  with  the  original 
sequence  (dotted  Une). 
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Introduction 

A  major  conserved  antigenic  area  has  been  recently  located  between  residues 
260-275  of  human  respiratory  syncytial  virus  (RSV)  F  glycoprotein  [1],  Mutants 
selected  with  neutralizing  mAbs  had  amino  acid  changes  at  residues  262,  268  and 
272.  While  the  vicinity  of  these  amino  acids  and  the  reactivity  of  the  mAbs  with  the 
F,  subunit  in  western  blots  could  suggest  that  the  antibodies  recognized  sequential 
epitopes,  most  epitopes  on  this  area  were  not  reproduced  by  short  (20-residue) 
synthetic  peptides.  In  addition,  amino  acid  changes  at  positions  distant  from  260-275 
significantly  affected  mAb  binding. 

Results  and  Discussion 

In  order  to  explore  the  conformational  requirements  of  the  F,  epitopes,  a  series 
of  overlapping  peptides  of  increasing  length  and  incorporating  the  essential  265-275 
region  were  synthesized  (Figure  1).  These  peptides  were  used  as  ELISA  antigens 
against  mAbs  and  polyclonal  (rabbit  hyperimmune  and  human  convalescent)  sera. 
The  largest  peptide,  F2 15-275,  was  reactive  with  most  mAbs  and  rabbit  antisera. 
The  smaller  (41 -residue)  peptide  F235-275  was  significantly  less  reactive  and  F255- 
275  was  recognized  only  by  a  single  mAb  and  very  few  sera.  Peptides  F215-234, 
F2 15-254  or  F235-2S4  did  not  react  at  all.  Thus,  most  mAb  and  polyclonal  antibody 
epitopes  were  only  reproduced  in  41-  and  61-residue  peptides  that  spanned  the  255- 
275  region  of  F(.  Some  of  these  epitopes  were  only  present  in  F2 15-275.  It  became 
clear,  considering  the  length  of  this  peptide,  that  structural  features  other  than 
primary  structure  played  a  role  in  antibody  recognition. 

Previous  work  had  shown  11,  3]  that  this  antigenic  area  is  highly  resistant  to 
trypsin  digestion,  a  fact  suggestive  of  a  particular  conformation.  The  susceptibility 
of  die  above  peptides  to  digestion  with  increasing  amounts  of  agarose-bound  trypsin 
was  examined  by  HPLC  and  evaluated  as  an  indication  of  their  capacity  to  reproduce 
tiie  conformation  adopted  by  the  homologous  sequences  in  native  F  protein.  Despite 
a  high  content  of  trypsin-cleavage  sites  (Figure  1),  F215-F275  was  significantly 
more  resistant  to  proteolysis  than  F235-275  and  F255-275.  The  possible 
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contribution  of  preferential  conformations  to  the  immunorcactivity  of  the  peptides 
was  then  examined  by  CD  in  aqueous  solution.  The  spectra  of  F235-275  and  F255- 
275  were  very  similar  and  typical  of  aperiodic  structures.  In  contrast,  F2 15-275 
showed  minimal  eilipdcity  values  at  205  and  222  nm  and  a  positive  maximum  at 
190  nm,  suggesting  that  it  could  adopt  an  ordered  conformation  in  solution  that  was 
related  to  its  increased  trypsin  resistance.  Secondary  structure  prediction  of  the  F 
protein  favors  the  presence  of  two  a-helices  at  the  region  included  in  peptide  F215- 
275  (Figure  1).  These  aspects  will  be  further  investigated  by  means  of  ongoing 
NMR  experiments.  The  conformational  dependence  of  antibody  binding  was  also 
confirmed  by  the  fact  that  treatment  of  F215-275  with  SDS  previous  to  ELISA  led  to 
loss  of  several  epitopes.  Several  other  epitopes  were  also  lost  upon  incorporation  of 
F2 15-275  to  KLH,  presumably  affecting  peptide  conformation,  providing  further 
evidence  for  discontinuous  epitopes  in  the  Fj  region. 


MMTWOOKNNRtXCIT 

mF*VNAOVTTPVSTVMLTN 

BfMTVKFOaKMNRLCEITMFtVNAOVTTPVSTYMLTN 

OH  iiw»iawi«>nwiiiaajLJLairAiH»»iiwiwi»imTiMLtMl 


■NTmFOQKHWWLLEITmSF«WV»OVTTFV»rYMLTW«CU.«UNOMPITWPOKKm»  mun 
MFSWMOVTTPVSTYMLTNSCU.SUNOMP1TNOQKKLM6  MHN 

SELLauNOWPiTNoanaMS  m  TTI 

Fig.  I.  Amino  acid  sequence  (residues  203-282 )  of  the  Fj  subunit  from  Long  RSV 
(boldface).  Changes  in  mAb  escape  mutants  [1 J  are  shown  in  underlined  italics.  Predicted 
secondary  structure:  (open  bar)  a-helix,  (wavy  line )  fi-sheet,  (solid  bar)  random  coil 
Trypsin  susceptible  sites  are  shown  by  inverted  filled  triangles.  Synthetic  peptides 
containing  the  255-275  sequence  are  shown  at  the  bottom.  Other  synthetic  peptides  are 
shown  above  the  sequence. 

Mice  immunized  with  peptide  F2 15-275  developed  high  titers  of  antibody  to 
peptides  F2 15-275,  F235-275,  F255-275,  F215-234  and  F2 15-254,  three  weeks  after 
the  last  immunization.  In  contrast,  none  of  the  mice  immunized  with  F235-275  or 
F255-275  developed  anti-peptide  antibodies,  even  after  three  boosts.  Despite  the  high 
anti-peptide  response  induced  by  F2 15-275,  mouse  sera  reacted  poorly  with  RSV. 
Furthermore,  there  was  no  evidence  of  protection  against  infection  in  mice 
immunized  with  any  of  the  peptides,  five  days  after  challenge  with  RSV.  It  is  worth 
mentioning  that  the  anti-peptide  titer  was  observed  after  the  first  inoculation  of  F215- 
275,  whereas  anti-RSV  antibodies  were  only  detected  after  the  fourth  inoculation  of 
the  peptide. 
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Introduction 

The  main  antigenic  site  A  of  FMDV  is  a  flexible  loop  on  VP1  exposed  on  the 
virus  surface.  B-cell  epitopes  on  site  A  (positions  138-150  in  isolate  C-S8cl)  map 
at  residues  surrounding  a  conserved  RGD  tripeptide  (positions  141-143)  [1-3]  thought 
to  be  a  cell-attachment  site  [4].  Serotype  C,  most  O  and  some  type  A  viruses  also 
show  a  conserved  Leu  at  position  144.  Frequent  amino  acid  substitutions  occur 
within  site  A  of  field  and  laboratory  FMDV  variants,  including  antibody-escape 
mutants.  The  effect  of  such  replacements  on  the  reactivity  of  FMDV  with  MAbs  has 
been  faithfully  reproduced  by  synthetic  peptides  including  the  relevant  substitutions 
[2,  5].  The  extremely  variable  positions  138-140  and  146-150  seem  to  attract 
immune  responses  which  might  be  detoured  from  RGDL.  The  practical  absence  of 
mutants  in  this  RGDL  region  is  a  significant  hurdle  to  assess  its  contribution  to  the 
immunogenicity  and  antigenicity  of  site  A.  We  have  approached  this  problem  by 
evaluating  the  effect  of  changes  at  each  of  the  RGD  tripeptide  positions  on  the 
interaction  of  synthetic  peptides  with  MAbs.  The  immune  response  of  rabbits  and 
guinea  pigs  to  synthetic  peptides  composed  of  RGDL  tandem  repeats  has  also  been 
examined. 

Results  and  Discussion 

To  explore  the  possible  contribution  of  the  RGD  tripeptide  to  the  interaction  of 
site  A  with  antibodies  we  replaced  each  of  the  three  residues  by  Ala  (Table  1). 
Binding  of  the  substituted  peptides  with  MAbs  mapping  at  continuous  epitopes 
within  site  A  [3]  was  measured  by  competition  ELISA.  Tolerance  to  Ala  replacement 
was  greatest  for  Arg-141  and  lowest  for  Asp-143  (Table  2).  Amino  acids  other  than 
Ala,  particularly  those  resulting  from  point  RNA  mutations  and  leading  to  gross  side 
chain  and/or  charge  modification,  were  also  tested,  showing  lager  alterations  in  MAb 
recognition.  In  particular,  Glu  at  position  142  led  to  loss  of  all  epitopes  probed,  an 
alteration  as  drastic  as  that  caused  by  His- 146  -*  Arg  [3]  (peptide  HR,  Tables  1  and 
2).  Thus,  each  residue  in  RGD  1ms  an  important  contribution  to  the  recognition  of 
site  A  by  antibodies. 

Since  the  RGD  sequence  is  involved  in  the  recognition  of  antigenic  site  A  by 
antibodies,  we  considered  the  possibility  that  synthetic  peptides  based  on  such  a 
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Table  1  Synthetic  peptides  related  to  the  RGD  sequence  of  the  FMDV  loop 


Peptide* 

Amino  acid  sequence1’ 

Peptide/carrier  ratir/ 

KLH  BSA 

RGD 

ASARGDLAHLTTTHARHLP 

- 

_ 

ACT) 

asaagdlahltttharhlp 

- 

- 

RAD 

asaradlahltttharhlp 

- 

- 

RGA 

asargalahltttharhlp 

- 

- 

KGD 

ASARGDLAHLTTTHARHLP 

- 

- 

SGD 

ASASGDLAHLTTTHARHLP 

- 

- 

RED 

ASAREDLAHLTTTHARHLP 

- 

- 

RGK 

ASARGRLAHLTTTHARHLP 

- 

- 

RGE 

asargelahltttharhlp 

- 

- 

HR" 

ASARGDLAHLTTTHARHLP 

- 

- 

RGDLjAXA 

(C)ARGDLAXARGDLAXARGDLA 

2775 

18 

RGDLjAA 

(C)  V  ARGDLA. .  ARGDL  A..ARGDL  A 

2413 

15 

RGDLsA 

(C)RGDLA....RGDLA....  RGDL 

3003 

15 

RGDLjX 

(C)RGDLX...  RGDLX . RGDL 

1130 

15 

RGDL, 

(C)RGDL . RGD . RGDL 

3504 

16 

■Prepared  as  described  in  [5].  All  peptides  gave  correct  MW  values  (1  2  Da)  by  PDMS. 
Underlined:  changes  from  original  sequence  of  site  A  (peptide  RGD).  X=  Ahx. 
Conjugation  through  additional  Cys  residue  (Q  via  MBS.  Molar  peptide/carrier  ratios 
determined  by  AAA. 

‘‘Reproducing  the  His- 146  -»  Arg  mutation;  see  [3]. 


Table  2  Antigen-competition  ELISA  with  RGD-substituted  peptides 


Peptide 

SD6 

4C4 

Monoclonal  antibody* 

6D11  7FC12  7AH11 

7JD1 

7CA11 

RGD 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

AGD 

+ 

+ 

- 

+ 

+ 

+ 

+ 

RAD 

+ 

+ 

+ 

- 

- 

- 

+ 

RGA 

- 

- 

- 

- 

- 

+ 

+ 

SGD 

+ 

- 

- 

- 

• 

_ 

+ 

KGD 

- 

- 

- 

- 

- 

± 

+ 

RED 

- 

- 

- 

- 

- 

- 

- 

RGK 

- 

- 

- 

- 

- 

+ 

+ 

RGE 

- 

- 

- 

- 

- 

+ 

+ 

HR 

- 

- 

- 

- 

- 

- 

- 

‘Monoclonal  antibodies  have  beat  described  (3,  6).  +,  and  1  indicate,  respectively, 

mote  than,  less  than,  and  close  to  30%  inhibition  of  Mab  binding  by  a  20-fold  molar 
excess  of  the  competing  peptide  against  plate-bound  RGD  peptide. 
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sequence  could  induce  neutralizing  antibodies  which  may  define  a  broader  antigenic 
spectrum  than  peptides  involving  variable  residues  around  RGD.  We  synthesized 
tandem  repeats  of  the  basic  unit  RGDL  because  Leu-144  is  strictly  conserved  in  all 
type  C  viruses  sequenced  to  date  and  in  nearly  all  type  O  isolates.  The  RGDL  repeats 
were  separated  by  different  spacer  residues  as  shown  in  Table  1.  Anti-peptide 
antibody  titers  in  rabbits  and  guinea  pigs  were  generally  high.  All  sera  reacted  with 
heterologous  RGDL-containing  antigens,  though  to  a  much  lesser  extent  than  with 
the  homologous  peptide,  suggesting  a  low  proportion  of  antibodies  with  RGDL  as 
the  sole  target.  As  expected,  the  first  boost  improved  anti-peptide  antibody  levels, 
though  further  inoculations  had  no  effect  Anti-RGDL  tandem  peptide  sera  from 
rabbits  and  guinea-pigs  were  tested  for  their  ability  to  neutralize  C-S8cl  FMDV. 
Neutralization  levels,  at  their  highest  were  2  to  3  orders  of  magnitude  lower  than 
those  attained  with  peptides  reproducing  the  full  site  A  sequence.  Neutralizing 
activity  in  rabbits  was  higher  for  peptides  including  more  amino  acids  of  the 
consensus  C-S8cl  sequence.  Guinea  pig  sera  gave  better  results  when  shorter 
peptides  were  used.  Another  difference  between  the  two  animal  systems  was  the 
effect  of  including  Ahx  as  spacer:  in  rabbits,  no  differences  were  found  for  peptides 
with  or  without  Ahx,  while  in  guinea  pigs  neutralizing  activity  was  completely  lost 
when  this  amino  acid  was  present.  In  addition  to  C-S8cl,  serotypes  OjK  and  A5W 
were  also  tested  for  cross-neutralization  by  the  anti-peptide  sera.  Again,  low  but 
significant  neutralization  was  noted  with  several  of  the  tested  sera.  It  is  also 
noteworthy  that  mutant  HR  [3]  was  neutralized  at  least  as  efficiently  as  its  wild-type 
counterpart  C-S8cl.  These  results  point  to  a  relaxation  of  the  specificity  of  the 
immune  response  against  FMDV  when  sequences  responsible  for  serotype  specificity 
are  excluded  from  the  peptide  immunogens. 

In  most  animals,  neutralization  values  dropped  significantly  with  the  number  of 
boosts.  To  study  this  phenomenon,  IgGs  and  IgMs  from  sera  after  1  and  3 
inoculations  were  fractioned  and  assayed  for  their  neutralizing  ability.  Significant 
neutralization  activity  was  only  found  in  the  IgM  fractions  of  sera  from  the  first 
immunization.  This  suggested  a  possible  suppression  of  those  anti-peptide 
antibodies  that  may  also  be  directed  to  cellular  RGD  sequences. 

In  conclusion,  our  results  show  that  the  RGD  tripeptide  is  an  important 
determinant  of  the  interaction  of  antigenic  site  A  with  antibodies,  and  that  a 
significant  anti-peptide  and  FMDV-neutralizing  response  can  be  obtained  with 
peptides  based  on  RGD.  However,  a  potent  neutralizing  anti-viral  response 
necessitates  the  highly  variable  residues  surrounding  the  RGD.  Appropriate 
combine  dons  of  peptides  representing  most  residues  of  site  A,  along  with  tandem 
repeats  of  the  conserved  residues  around  the  RGD  core  may  be  useful  in  the 
formulation  of  anti-FMDV  synthetic  vaccines  with  broader  antigenic  spectra  than 
formulations  assayed  so  far. 
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Introduction 

Malaria  is  a  parasitic  disease  where  the  parasite  undergoes  a  complex  life  cycle 
in  human  and  mosquito  hosts.  While  the  infective  form  of  malaria  is  the  sporozoite, 
it  is  the  merozoite  that  proliferates  in  red  blood  cells  and  causes  the  symptoms  of  the 
disease  that  has  become  a  recent  focus  of  attention.  In  particular,  the  cysteine  rich  C- 
terminal  fragment  of  merozoite  surface  protein  1  (MSP-1)  has  become  a  vaccine 
candidate  since  monoclonal  and  polyclonal  antibodies  to  it  can  inhibit  merozoite 
proliferation.  However,  epitopes  within  this  fragment  have  gone  unidentified  since 
antisera  to  the  native  protein  show  no  reactions  with  the  reduced  fragment  indicating 
that  all  epitope(s)  are  conformational  in  character  [1],  We  have  taken  advantage  of  a 
new  method  for  folding  peptides  [2]  to  identify  a  conformational  epitope  on  the  C- 
terminal  domain  of  MSP-1 . 

Results  and  Discussion 

Initially,  peptides  (20-mers)  displaced  every  ten  amino  acids  were  synthesized 
for  the  two  allelic  forms  of  the  C-terminal  domain  of  P.  falciparum  MSP-1  [3]  and 
coupled  to  maleimide-activated  BSA  for  screening  rabbit  antiserum  R294.  R294  was 
raised  against  MSP-1  purified  from  the  FCR3  strain  of  P.  falciparum.  IFA  titers  of 
R294  against  merozoites  are  low  (1/100).  No  reaction  of  R294  was  observed  with 
the  20-mers  in  ELISA.  These  results  indicated  that  if  polyclonal  antibodies  were 
formed  against  the  C-terminal  domain,  they  were  formed  against  conformational 
epitopes. 

Since  the  cysteine  pattern  in  the  MSP-1  C-terminal  domain  indicated  two 
tandem  epidermal  growth  factor  (EGF)-like  domains  and  since  NMF.  structures  for 
EGF-like  proteins  are  similar,  cyclic  MSP-1  peptides  corresponding  to  the  solvent 
exposed  B-loop  (1-hairpin  of  a  prototypical  EGF-like  domain  were  synthesized  by 
replacing  predicted  main  chain  hydrogen  bonds  with  a  hydrazone  hydrogen  bond 
covalent  mimic  on  the  solid  support  [2]. 

R294  shows  a  positive  reaction  with  cyclic  peptides  corresponding  to  the  (1- 
loop  of  the  EGF-2  domain  (Figure  1),  no  reaction  with  the  corresponding  linear 
peptide,  probable  reaction  with  the  cyclic  peptide  corresponding  to  the  EGF-1  (1-loop 
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and  no  reaction  with  a  control  loop  or  preimmune  serum.  Reaction  of  the  EGF-2 
loop  with  R294  has  been  confirmed  in  competition  ELISA. 


Fig.  1.  Titers  of  R294  serum  against  modeled  EGF-2  B-loops  from  K-l  (I)  and  FC-27  (2) 
P.  falciparum  strains  and  the  EGF-1  B-loop  (3.4)  and  linear  (5)  MSP-I  peptides. 

The  important  observation  is  that  large  improvements  in  antigenicity  can  be 
achieved  by  folding  peptides  with  a  covalent  hydrogen  bond  mimic.  A  related 
example  is  also  reported  [4].  This  provides  a  method  for  identifying  epitopes  that  are 
missed  in  peptide  screens.  Although  conformational  epitopes  are  often  considered  to 
be  discontinuous,  these  results  demonstrate  that  continuous  epitopes  or  an  epitope 
residing  within  a  short  amino  acid  sequence  can  be  conformational.  More  are 
anticipated  and  one  can  now  explore  this  phenomenon  further  with  folded  peptides. 
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Introduction 

In  recent  years,  the  realization  that  both  the  lipopeptide  adjuvant  Pam3Cys  and 
multi  meric  presentation  of  peptide  antigenic  determinants  can  significantly  enhance 
the  immunogenicity  of  such  epitopes  [1]  has  prompted  considerable  interest  in 
synthetic  vaccines.  Tam  and  co-workers  [2]  recently  showed  that  the  multimeric 
antigenic  constructs  with  built-in  lipo-adjuvant,  tamed  lipophilic  MAPS,  appear  to 
be  obvious  candidates  as  efficacious  vaccines.  However,  die  total  chemical  synthesis 
of  lipophilic  MAPS  presents  considerable  problems,  particularly  the  lack  of 
versatility  of  current  synthetic  procedures.  Present  SPPS  protocols  invariably  employ 
the  expensive  and  preformed  reagent  Ftnoc-Lys(Pam3Cys)-OH.  We  describe  herein 
an  efficient  SPPS  protocol  which  exploits  die  orthogonality  of  our  recently  reported 
novel  amino-protecting  group,  N-(l-(4,4-dimetfayl-2,6-dioxocyclo-hexylidene)ediyl) 
(Dde)  [3]  within  the  Sheppard  Fmoc/condnuous-flow  methodology  [4], 

Results  and  Discussion 

Automated  SPPS  was  carried  out  on  either  PepSynthesizer  9050  or  NovaSyn 
Crystal,  and  acylations  were  accomplished  with  Fmoc-X^CRj-OH  :  HOBt :  HBTU  : 
DIPEA  in  4  times  excess  for  60  to  120  minutes.  Both  Pam3Cys  and  Pam  were 
incorporated  manually  by  DIC  :  HOBt  activation  chemistry;  we  encountered 
considerable  problems  with  uronium  or  phosphonium  (e.g.  HBTU,  PyBOP) 
activation  chemistries  due  to  DMF  insolubility  of  the  palmitoyl-uronium  and 
-phosphonium  intermediates.  Following  completion  of  synthetic  assembly,  all 
peptidic  constructs  were  cleaved/deprotected  by  TFA,  88.5  ;  thioanisole,  2.5  :  EDT, 
3.0  :  TIS,  1.0  :  H20,  5.0%.  The  synthesized  lipophilic  MAPS  immunogens  have 
the  genera]  schematic  structure: 
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Peptide  ^  Lys - 1  LipoX— | 

Antigen  <==  Lys  —  Lys  -  Ser  -  Ser  -  Lys  -  £-Ala  -  NH2 

$  A  LipoX  =  H.PaitijCys,  Pam^Dap 


The  highly  efficient  and  flexible  Pmoc/continuous-flow  SPPS  protocol  which 
we  have  established  first  involves  the  synthesis  of  the  resin  boend  Dde-Lys(Fmoc>- 
BAla-.  The  Lys  e-amino  group  following  deprotection  by  20%  piperidine/DMF  was 
acylated  by  the  activated  Pam3Cys.  Na-Dde  was  then  removed  by  2% 
hydrazine/DMF;  UV  monitoring  at  270  (XmpT)  or  290  mn  for  the  Dde-hydrazine 
cyclic  adduct  3,6,6-trimethy  l-4-oxo-4,5 ,6,7-tetrahydro- 1  //-indazole  indicates  complete 
deprotection  after  5  minutes.  The  lipopeptide  was  then  elaborated  to  afford  the  resin- 
bound  core  lipopeptide  Ly s-Ser(OtBu>-Ser(OtBti)-Lys(PainjCys)-^Ala-(  1).  This 
material  when  treated  with  TFA :  TES :  HjO  yielded  the  desired  lipopeptide  (LD-MS, 
MH+  found  1411.3,  requires  1410.8)  in  purity  of  over  95%  by  RP-HPLC. 
Alternatively,  in  a  similar  manner,  the  resin  bound  Dde-Lys-0Ala-  was  first 
elaborated  to  Dde-Lys(PasnjDap)-8Ala-  (using  Fmoc-Dap(Fmoc)-OH,  m.p.  210- 
213°C,  Dap  m  DL-diaminopropionic  acid;  and  palmitic  arid),  and  then  secondly  to 
Lys-SerfOtBul-SerfOtBaH^ysfPamjDapy-PAla-  (2);  TFA  treatment  again  afforded 
the  desired  lipopeptide  (LD-MS,  MH+  found  1081.4,  requires  1081.6)  in  good  purity. 
This  facile  route  clearly  demonstrates  the  versatility  of  the  described  SPPS  protocol 
which  will  allow  the  in  situ  incorporation  of  any  desired  lipophilic  moieties. 
Analogues  at  die  resin-bound  core  lipopeptide  have  been  synthesized  utilizing  Fmoc- 
Lys(Dde)-OH,  Fmoc-Ora(Dde)-OH  (m.p.  113-1 15°C)  or  Boc-Lys(Dde>-OH  (m.p.  67- 
69°C). 

Using  1  and  2,  and  following  acylation  with  Fmoc-Lys(Rnoc),  the  synthesis 
of  lipophilic  MAPS  immunogens  was  exemplified  by  the  simultaneous  tetrameric 
constiuctiou  of  a  dodecapeptide  antigea  (“RNSQFVALMPTA”,  herpes  simplex  virus 
ribonucleotide  reductase  l-(959-970)).  As  a  result  of  steric  hindrance,  double 
couplings  were  found  to  be  required  for  certain  ammo  acid  residues.  The  assembled 
lipophilic  immunogens  were  cleavedfoeprotected  from  the  resin,  precipitated  by 
diethyl  ether,  and  then  dialyzed  for  24  hours.  Analysis  of  the  erode  product  by  SDS- 
PAGE  and  ammo  acid  analysis  demonstrated  the  pretence  of  die  desired  materials, 
which  are  at  present  undergoing  comparative  immunological  evaluations.  A  further 
advantage  of  our  described  protocol  is  die  ability  to  undertake  total  SPPS  of  <ti- 
epitopic  lipophilic  MAPS  via  ej.  the  acylation  of  1  with  Fmoc-Lys(Dde).  We 
believe  dud  this  will  lend  to  die  synthesis  of  very  exciting  and  potentially  efficacious 
vaccines  for  application  in  both  animal  and  human  therapies. 
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Iatroductioa 

Haemophilus  influenzae  type  b  (Hib)  infection  is  a  major  cause  of  bacterial 
meningitis,  epiglottitis,  cellulitis  and  pneumonia  in  young  children.  Current 
Haemophilus  capsular  polysaccharide  (polyribosyl  ribitol  phosphate,  PRP)  conjugate 
vaccines  protect  against  Hib  infection,  but  they  do  not  protea  against  other  invasive 
typeable  and  non -encapsulated  strains  which  are  a  common  cause  of  otitis  media  in 
children.  Recent  studies  [1,  2]  indicate  that  antibodies  raised  against  the  outer 
membrane  protein  P6  are  protective  in  die  infant  rat  model  of  bacteremia,  and  a  P6- 
specific  monoclonal  antibody  was  shown  to  have  bactericidal  activity  in  vitro  against 
both  Hib  and  non-typeable  strains.  Therefore,  the  use  of  P6  or  its  immunodominant 
epitopes  as  both  additional  immunogens  and  carriers  for  PRP  represents  a  promising 
strategy  to  develop  new  conjugate  Hib  vaccines  with  enhanced  protective  ability  and 
T-cell  priming  capability.  Thus,  the  purpose  of  this  study  was  to  map  the  antigenic 
determinants  of  P6  using  overlapping  synthetic  peptides,  and  assess  their 
immunogenicity  for  possible  inclusion  in  a  cross-protective  synthetic  H.  influenzae 
vaccine. 

Resalts  and  Discussion 

To  identify  die  B-cell  epitopes  of  P6,  rabbits,  rats,  guinea  pigs  and  mice  woe 
immunized  with  chromatographically  purified  P6  emulsified  in  Freund's  adjuvant. 
After  two  immunizations,  all  animals  generated  a  strong  P6-specific  antibody 
response  as  judged  by  both  ELISA  and  inununoblots.  The  synthetic  P6  peptides 
were  tested  fa  their  reactivities  with  the  various  anti-P6  antisera  in  peptide-specific 
ELIS  As  as  previously  described  [3].  Bordetella  pertussis  peptides  were  used  as 
negative  controls.  Two  immunodominant  linear  B-cell  epitopes  were  mapped  to 
residues  73-%  and  109-134  of  the  mature  P6  sequence. 

Peptides  containing  T-cell  epitopes  were  characterized  by  their  ability  to 
stimulate  the  proliferation  of  mouse  (Balb/c  and  C57BL/6  strains)  T-lymphocytes 
primed  with  P6  in  a  standard  in  vitro  T-cell  proliferation  assay  [4].  Four  synthetic 
peptides  corresponding  to  residues  19-41,  35-58,  73-%  and  109-134,  respectively. 
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were  found  to  stimulate  the  proliferation  of  primed  T-cells  from  BaUVc  mice,  whereas 
only  peptide  F6-4  (residues  54-77)  induced  a  food  proliferative  response  of  F6-primed 
T-lympbocytes  from  C57BL/6  mice.  These  results  indicate  that  peptides  73-%  and 
109-134  contain  both  T-  and  B-ceil  epitopes.  The  identification  of  these  immuno¬ 
dominant  B-  and  T-cell  epitopes  represents  a  first  step  towards  the  rational  design  of  a 
potentially  cross-protective  Hib  vaccine. 
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Introduction 

In  the  design  of  synthetic  vaccines  "promiscuous"  T-cell  epitopes  may  provide  a 
means  to  circumvent  the  problem  of  MHC  restricted  responses.  We  have  reported  the 
use  of  a  "promiscuous"  epitope  (sequence  580-599,  TT)  [1]  which  bypassed  strain 
differences  associated  with  a  B/T-cell  epitope  from  the  protein  antigen  lactate 
dehydrogenase  C4  (LDH-C4)  [2].  Recently,  we  also  reported  the  use  of  a  measles 
virus  epitope  (MVF,  sequence  288-302)  (3]  and  another  tetanus  toxoid  epitope  (TT2, 
sequence  830-844)  [4]  in  association  with  the  same  B-cell  epitope  of  LDH-C4  in 
producing  high  titered,  high  affinity  antibodies.  In  this  report,  we  have  completed  an 
in-depth  study  on  these  epitopes  as  well  as  additional  "promiscuous”  T-cell  epitopes 
derived  from  (1)  Human  hepatitis  B  surface  antigen,  HBsAg  (HBV,  sequence  19-33) 
[5];  (2)  P.  vivax  (CSP,  sequence  317-336)  [6];  and  (3)  tetanus  toxoid  (TT3,  sequence 
947-967)  [7].  The  aim  of  this  comparative  study  is  to  identify  one  or  more  optimal 
"promiscuous"  T-cell  epitopes  for  incorporation  into  a  multivalent  template  that  will 
not  require  an  unwieldy  number  of  peptides  to  be  universally  effective. 

Results  aud  Discussion 

Peptides  were  designed  rod  synthesized  as  previously  reported  [2, 4, 8]  and  were 
purified  by  reverse  phase  HPLC.  The  immune  responses  of  the  7  chimeric  constructs 
in  several  inbred  strains  of  mice  [C3H/Hel,  B10.BR,  (H-2k);  BALB/c,  B10.D2,  (H- 
2 d);  C57BL/6,  C57BL/10,  (H-2b)J  are  summarized  in  Figure  1.  In  the  responder 
strain  C3H/HeJ  (H-2k),  all  the  chimeric  constructs  elicited  high  titer  antipeptide 
antibodies  for  the  respective  immunogenic  sequence  and  the  native  protein  antigen 
LDH-C4.  Haplotype  restricted  immune  responses  associated  with  the  LDH  epitope 
were  bypassed  in  several  strains  of  mice  depending  on  the  choice  of  the 
"promiscuous''  T-cell  epitope.  Thus,  the  tetanus  toxoid  (TT)  epitope  was  able  to 
overcome  the  H-2k  restriction  in  H-2*  strains  but  was  ineffective  in  H-2*  strains  of 
mice.  The  tetanus  toxoid  (TT2)  epitope  was  able  to  provide  T-cell  help  in  5  out  of  6 
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Fig.  1.  Immune  responsiveness  of  various  chimeric  " promiscuous  *  constructs  in  inbred 
mice  strains.  Results  are  based  on  direct  ELISA  titers  to  native  protein  (determined  as  the 
dilution  giving  an  absorbance  of  0.2  above  the  blank)  and  are  a  compilation  of  pooled 
individual  sera  at  the  secondary  +  1  week  bleed.  Responses  are  tabulated  according  to 
titers:  high  (>30.000),  medium  (approx.  4000-10.000),  and  low  titers  (<400). 

strains  tested  while  TTj  was  consistently  effective  in  providing  help  to  the  B-cdl 
epitope  in  all  strains  tested.  In  the  case  of  measles  virus  (MVF)  H-21  strains  of  mice 
produced  high  titer  protein-reactive  antibodies  and  low  titers  was  evidenced  in  H-2b 
strains.  In  rabbits  high  antibody  then  (>32,000)  for  native  LDH-C4  were  obtained  in 
the  secondary  response  for  6  oat  of  8  immunogens  tested  and  moderate  titers  (5000- 
15000)  for  two  immunogens  (a,TT  and  c^TT).  In  conclusion,  these  results  provide 
several  leads  in  defining  the  necessary  T-cell  epitopes  (TT3,  TTj,  MVF)  that  may 
represent  the  best  method  for  ensuring  adequate  T-cell  stimulating  in  an  outbred 
population  with  a  heterogeneous  MHC  make  up. 
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Introduction 

We  hove  initiated  a  program  to  determine  if  short  peptides  with  sequences 
corresponding  to  those  domains  of  vims~encoded  polypeptides  that  participate  in  virus 
specific  protein-protein  interactions  can  act  as  antiviral  agents  for  control  of  viral 
infections.  In  this  brief  report  we  describe  results  obtained  from  a  set  of  peptides  that 
correspond  in  sequence  to  a  part  of  the  influenza  virus  hemagglutinin  protein  (HA) 
that  is  postulated  to  participate  in  the  final  stages  of  assembly  and  release  of  this 
virus  from  infected  cells. 

Influenza  virus  HA  is  a  transmembranal  glycoprotein  that  forms  a  trimeric 
"spike"  on  die  surface  of  the  influenza  virus  particle  and  functions  at  three  critical 
stages  in  die  infectious  cycle  of  this  virus:  (1)  it  binds  to  sialic  acid  residues  on  host 
cells,  (2)  it  participates  as  an  essential  component  in  a  membrane  fusion  that  brings 
viral  genomes  into  the  host  ceil  cytoplasm,  and  (3)  its  carhoxy  terminal  10  amino 
acids  is  a  specific  attachment  site  for  virus  components  during  assembly  and  release 
of  virus  from  cells.  It  is  this  latter  activity  that  we  sought  to  inhibit  with  peptides. 

Results  and  Discussion 

Initial  studies  with  a  10-amino  acid  peptide  that  precisely  matched  the  carboxy 
terminus  of  die  WSN  strain  of  HA  blocked  release  of  virus  particles  by  >90%  during 
a  2  h  period  at  levels  of  30-200  pM  [1].  At  these  levels,  there  was  <20%  inhibition 
of  panicle  release  by  two  other  unrelated  enveloped  viruses,  Sindbis  and  vesicular 
stomatitis.  Baaed  on  these  results,  a  aeries  of  peptides  were  synthesized  and  tested  in 
order  to  establish  the  minimum  size  and  the  essentia]  components  of  the  sequence. 

The  syntheses  were  performed  utilizing  t-Boc  chemistry  on  an  Applied 
Biosystems  Model  403A  peptide  synthesizer.  Peptides  were  purified  by  reversed- 
phase  HPLC  and  subjected  to  purity  assessment  techniques  previously  described  [2]. 
They  were  lyopiulized  and  stored  at  4°C.  For  application  to  virus-infected  cells, 
peptides  were  weighed  and  dissolved  in  deionized  HjO  at  10  mg/ml.  They  were  added 
to  the  media  of  virus-infected  cells  at  levels  ranging  from  30  to  200  pg/ml.  The  titer 
of  infectious  WSN  influenza  was  determined  immediately  after  addition  of  the  peptide 
and  after  2  h  of  virus  replication  by  plaque  titration  on  confluent  cultures  of  Madin- 
Darby  bovine  kidney  ceils.  Typically  there  were  about  104  PFU/ml  at  the  start  of 
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the  inhibitory  procedure  and  this  level  rose  to  about  106  in  the  2  h  period  of 
infection.  An  inhibitory  peptide  blocked  this  increase  by  >90%,  whereas  a  change 
<30%  from  the  untreated  sample  was  considered  to  be  a  non-inhibitory  peptide. 

The  results  obtained  with  16  peptides  are  summarized  in  Table.  1. 


Table  1  Effect  of  peptide  composition  on  inhibition  of  influenza  and  Sindbis 
viruses f 


Peptide  Composition 

Influenza  Virus 

Sindbis  Virus 

N.G.S.L.Q.C.R.I.C.I-NH2 

+ 

- 

N.G.S.L.Q.C.R.I.C.-NH2 

- 

- 

G.S.L.Q.CJt.I.C.1  -  " 

+ 

- 

S.L.Q.CJt.I.C.1.-  " 

+ 

- 

L.Q.CJLC.I.  -" 

+ 

+/- 

L.Q.CR.-C.I.  -  H 

- 

- 

L.Q.C.R.I.C.I.-  OH 

+ 

+/- 

Q.C.R.I.C.I  " 

- 

+/- 

Q.C.R.I.C.I-  NH2 

+ 

+ 

Ac-Q.CRJ.CJ.-  " 

+ 

+/- 

T.C.RJ.CJ-.  " 

+ 

+ 

G.C.R.I.C.I-  " 

+ 

+ 

Y.C.RJ.C.I-  H 

+ 

+ 

IJLC.N.I.C.I-  "b 

+ 

- 

MJtC.TJ.CJ-  "c 

+ 

+/- 

I.C.LR.C.O.L.d 

- 

- 

•Results  tabulated  were  obtained  with  200  |Xg/ml  peptide;  (+)  are  those  with  >90% 
inhibition;  (+/-)  are  those  with  -70%  inhibition;  (-)  are  those  with  <50%  inhibition. 
^Sequence  of  carboxy  termini  of  influenza  serotypes  HA3  and  HA7,  respectively. 
dRetro-inverted  peptide;  all  D-amino  acids  utilized. 

Earlier  data  indicated  that  substitution  of  the  two  cysteines  by  glycine  destroyed 
inhibitory  activity  [3].  Removal  of  the  carboxy-terminal  isoleucine  as  well  as  the 
internal  isoleucine  also  blocked  inhibition  (Table  1).  In  contrast,  the  amino  terminus 
could  be  truncated  to  a  6-amino  acid  peptide  that  retained  antiviral  activity.  However, 
unlike  the  larger  peptides,  die  6mer  inhibited  the  release  of  infectious  Sindbis  virus 
particles. 

We  had  postulated  that  the  specific  inhibition  by  the  10-mer  on  influenza  virus 
assembly  occurred  by  die  peptide  competing  with  the  influenza  virus  HA  cytoplasmic 
domain  for  binding  sites  on  the  nucleoprotein  core  or  matrix  protein  of  influenza. 
The  molecular  basis  for  inhibition  by  the  smaller,  less  specific  peptides  is  still 
unclear. 
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Introduction 


Generation  of  CTL  is  a  critical  component  of  the  immune  response  to 
intracellular  pathogens.  Recently,  the  possibility  of  inducing  in  vivo  a  virus- 
specific  cytotoxic  T-cell  response  using  a  cytotoxic  T-cell  epitope  from  the 
nucleoprotein  of  the  influenza  virus  associated  to  a  lipopeptidic  adjuvant  P3CSS 
represented  a  decisive  advance  in  the  field  of  synthetic  vaccines:  thus,  chemically 
defined,  low-molecular  weight  synthetic  antigens  offered  an  interesting  alternative  to 
the  use  of  replicating  viruses  in  vaccination,  and  appeared  as  a  possible  new  approach 
to  the  induction  of  cell-mediated  immunity.  Recently,  we  have  shown  that  an  early 
detectable  and  virus  specific  CTL-mediated  response  could  be  induced  by  using  a 
hexadecapeptide  (V3  312-327  =  IRIQRGPGRAFVTIGK  from  the  env  protein  of  HTV- 
1  LAV/BRU)  modified  in  the  C-tenninal  position  by  an  amino  acid  possessing  a 
saturated  14  carbon  aliphatic  side  chain,  administered  in  water  medium,  without 
adjuvant  [1], 

Here  we  describe  the  synthesis  of  several  other  covalent  modifications  of  the 
same  peptide  by  simple  lipidic  amino  acids  (Figure  1),  and  their  evaluation  in  terms 
of  ability  to  induce  a  virus-specific  CTL  response. 


Fig.  I.  Lipidic  amino  acids  used  in  our  constructs. 
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Roalb  aad  Discussion 

P3CSS  was  a  kind  gift  provided  by  G.  Jung  P3CSS-  and  cholesteryl-modified 
analogs  were  synthesized  using  the  Fmoc-tBu  chemistry.  All  other  peptides  were 
synthesized  using  the  "Boc-benzyl  strategy"  in  an  ABI  430A  peptide  synthesizer. 
Peptides  possessing  a  carboxylic  C-terminal  end  woe  synthesized  on  N-t-Boc-Gly 
Pam  resin,  while  peptides  possessing  a  carboxamide  C-terminal  end  were  synthesized 
onMBHA  resin. 

Early  detectable,  MHC  class  I-restricted  CTL,  capabie  of  specifically  lysing 
endogeneously  expressing  antigen  target  cells  (i.e.,  PSlSfH-^,  DBA/2},  infected  by 
a  vaccinia  virus  recombinant  for  the  env  gene  (Vac -env)),  can  be  isolated  from 
BALB/c  (H-2d)  mice  immunized  with  Vac -env.  We  evaluated  the  efficiency  of  in 
vivo  priming  with  the  different  constructs  according  to  two  criteria:  a  short  delay 
before  detection  of  cytolytic  activity  (before  the  18th  day  of  culture  of  the 
splenocytes,  i.e.,  after  only  two  in  vitro  stimulations),  and  the  ability  of  the  CTL  to 
lyse  specifically  virus-infected  target  cells,  as  previously  described  [1].  Results  of 
CTL  induction  obtained  with  the  different  constructs,  without  adjuvant,  are 
summarized  in  Table  1. 

Table  1  Results  of  CTL  induction  obtained  with  different  constructs 


|  N-teim  /  Ctenn 

positif/total 

H- 

-OH 

0/5 

P3CSS- 

-OH 

2/2 

H- 

-Hda-NH2 

16/17 

H-Hda- 

-Hda-NH2 

1/3 

H-Hda- 

-OH 

6/10 

(N^-dioahnitovDLys- 

-Hda-NH2 

0/3 

H- 

-{Ncpaliiiitoyl)Lys-NH2 

7/9 

H- 

-(Ne-chotesteryloxyacetvl)Lvs- 

2/2 

(N*~Ac,  (h^-cbolesteryloxvacctvDLvs- 

-OH 

2/2 

Modification  by  the  P3CSS  lipopeptide  induces  an  early  detectable  and  virus- 
specific  CTL  response.  We  also  show  that  an  efficient  CTL  response  can  be  induced 
by  using  as  immunogens  the  same  peptide  modified  in  the  C-  or  N-terminal  position 
by  a  lipidic  amino  acid  possessing  no  intrinsic  immunoadjuvant  properties. 
C-terminal  modification  appears  as  a  relatively  constant  means  to  obtain  efficient 
immunogens  (in  terms  of  CTL  induction),  while  N-terminal  modification  appears 
more  problematic.  Introduction  of  a  second  lipidic  amino  acid  may  impair  the 
immunogenkity  of  a  relatively  short  (16  residues)  peptide. 
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Introdaction 

Pseudomonas  aeruginosa  (PA)  is  a  primary  pulmonary  pathogen  in  patients 
with  cystic  fibrosis  and  other  immunosuppressive  illnesses  [1],  Initial  infection 
involves  pili-mediated  bacterial  attachment  to  epithelial  cells.  The  adherence  domain 
of  PA  pili  has  been  shown  to  reside  in  a  disulfide  loop  (DSL)  region,  12  to  17  amino 
acids  in  length,  found  at  the  C-terminus  of  the  pilin  protein  [2,  3].  These  adherence 
domains  bind  to  a  common  set  of  receptors,  but  amino  acid  differences  in  these 
regions  result  in  different  affinities  for  mammalian  cells  [4],  One  method  to  study 
the  pili-receptor  binding  is  by  examination  of  the  3D  structure  of  the  DSL  region 
alone  and  in  complex  with  the  receptor  through  NMR  techniques.  To  generate  the 
required  amounts  of  unlabelled  and  l3C-  or  ,sN-labelled  peptide,  we  have  chosen  a 
recombinant  DNA  approach.  Here,  we  present  data  on  the  production  of  the  DSL- 
peptide  from  PA  strain  PAK  as  N-terminal  and  C-terminal  fusion  proteins  in 
Escherichia  coli. 

Results  and  Discussion 

Figure  1  shows  the  two  constructed  expression  vectors  containing  the  sequence 
encoding  the  DSL  region  of  PAK  pilin.  The  expression  vector  pLB201  carries  a 
tripartite  fusion  between  die  p-galactosidase  (0G)  gene,  a  segment  of  the  chicken 
proot-2  collagen  gene  containing  several  potential  collagenase  cleavage  sites,  and  the 
PAK  DSL  sequence  under  the  control  of  the  thermally  inducible  lambda  promoter. 
The  N-terminally  fused  peptide  can  be  released  from  the  resultant  fusion  protein  by 
cleavage  with  collagenase.  Plasmid  pHE311  contains  the  glutathione-5-transferase 
(GST)  gene  behind  the  chemically  inducible  tac  promoter.  The  peptide  attached  to 
the  C-terminus  of  GST  can  be  released  by  cleavage  with  factor  Xa.  Upon  either 
thermal  or  chemical  induction  of  the  gene  expression,  the  {JG  and  GST  fusion 
proteins  were  produced  as  about  33%  and  20-25%  of  the  total  protein  content  of  the 
E.  coli  cells,  respectively. 

The  DSL-0G  fusion  protein  (Mr  >123  kDa)  was  obtained  in  the  amount  of  20- 
25  mg/L  culture  after  40%  ammonium  sulfate  precipitation  and  subsequent  affinity 
column  chromatography  on  p-aminobenzyl  l-thio-fj-D-galactopyranoside-agarose, 
resulting  in  a  calculated  peptide  yield  of  0.4-0.5  mg/L.  The  major  protein 
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purification  was  achieved  by  salt  fractionation,  and  not  in  the  affinity 
chromatography  step  as  expected.  Also,  50%  of  the  (JG  protein  was  lost  during  the 
affinity  purification.  The  DSL-GST  fusion  protein  (Mr  ~30  kDa)  was  purified 
directly  from  the  crude  extract  by  affinity  chromatography  on  S-linked  reduced 
glutathione-agarose  beads,  providing  10-15  mg/L  of  the  recombinant  protein  which 
corresponds  to  1-1.5  mg  of  DSL-peptide.  Western  blot  analysis  showed  that  both 
fusion  proteins  contain  the  DSL  adherence  domain  (Figure  2).  Geavage  of  the  DSL- 
PG  fusion  protein  was  achieved  with  Achromobccter  collagenase  resulting  in  a  single 
pG  band  of  lower  Mr  on  SDS-PAGE. 


ryCjfltr— i»iigT»i»aiii81iiHi«Ila>iutyHl|Cri>>Hy 


Fig.  I.  Plasmid  vectors  for  the  expression  of  PAK  DSL-peptide  as  N-  and  C-terminal 
fusion  proteins.  The  DSL-peptide,  including  some  flanking  amino  acids,  tvor  synthesized 
in  the  form  of  two  complementary  63-base  oligonucleotides.  The  resultant  double 
stranded  oligonucleotide  was  then  cloned  by  standard  DNA  techniques  into  the  BamHI  site 
of  the  expression  vector  pDSlOO  [5],  giving  plasmid  pLB201.  The  same  oligonucleotide 
was  cloned  in  the  right  orientation  in  the  BamHI  site  of  the  polylinker  from  expression 
vector  pGEX-3X  [6].  To  obtain  a  correct  in-frame  fusion,  the  BamHI  site  at  the  fusion  site 
was  enzymatically  filled-in  and  re-ligated.  This  resulted  in  the  addition  of  4  nucleotides 
encoding  an  aspartic  acid  residue.  Correct  orientation  and  in-frame  fusion  was  confirmed 
for  both  constructs  by  DNA  sequencing  and  SDS-PAGE  analysis  of  the  fusion  proteins. 

However,  a  nested  set  of  peptides,  as  a  result  of  the  multiple  collagenase 
cleavage  sites,  was  found  on  HPLC  purification.  Further  incubation  with 
collagenase  did  not  result  in  continued  cleavage  to  a  single  peptide  species  in  contrast 
to  previous  reports  [7].  This  may  be  due  to  the  reduced  efficiency  with  which 
collagenase  cleaves  polypeptides.  In  comparison,  the  DSL-GST  fusion  protein  was 
purified  in  a  single  step  to  homogeneity  as  shown  on  silver-stained  SDS-PAGE. 
Quantitative  cleavage  of  the  fusion  protein  with  factor  Xa  was  obtained  either  with 
purified  DSL-GST  or  with  the  fusion  protein  still  bound  to  the  affinity  gel.  The 
advantage  of  the  latter  is  that  only  the  peptide  is  released  from  the  column  while  the 
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GST  moiety  remains  bound  to  the  matrix,  providing  an  easy  and  efficient  separation 
of  the  two  species. 

These  data  clearly  demonstrate  that  the  PA  DSL-peptides  can  be  successfully 
expressed  as  either  an  N-  or  C-terminal  fusion  protein  in  high  yields  in  the 
expression  systems  examined  here.  Both  fusion  proteins  can  be  easily  purified  by 
affinity  chromatograhpy.  The  fKJ  fusion  system,  however,  suffers  from  relatively 
low  peptide  yields  due  to  the  large  subunit  size  of  the  carrier  protein  and  an 
incomplete  proteolytic  cleavage  by  collagenase.  The  GST  fusion  system,  on  the 
other  hand,  produces  lowo-  amounts  of  protein,  but  the  smaller  size  of  GST  provides 
much  higher  yields  of  the  desired  peptide.  Since  this  fusion  protein  can  be  cleaved 
efficiently  by  factor  Xa  while  the  protein  remains  bound  to  the  affinity  gel,  the  entire 
purification  process  is  reduced  to  a  single  chromatography  step.  Based  on  these 
results,  GST  fusions  appear  to  be  the  most  useful  system  for  future  cost-effective 
synthesis  of  mg  amounts  of  pure  isotopically  labelled  PA  DSL-peptides. 

A  B 


Western  Blot  Coomaasie 


•e-pilin 


Fig.  2.  Immunoblot  of  DSL-fjG  and  DSL-GST jusion  proteins.  (A)  SDS-PAGE  and  Western 
blot  analysis  of  fi-gadactosidasc  tripartite  fusion  protein  (tpf)  purification.  Samples  were 
separated  in  6.5%  PAA  gels  and  were  either  stained  with  Coomassie  blue  or  the  proteins 
were  electrophoretically  transferred  to  an  Immobilon-P  membrane  and  standard  immuno¬ 
detection  was  done  with  a  peptide-specific  antibody  in  a  1:10000  dilution.  Lanes  contain 
samples  of  affinity  purified  fusion  protein  (3),  40 %  ( NH4)2S04  fraction  (2),  and  crude 
extract  prepared  from  £.  coli  harbouring  plasmid  pLB201  (If  Lanes:  P,  2.5  pg  pilin  as 
control;  M,  standard  proteins.  (B)  Western  blot  analysis  of  DSL-GST  fusion  protein  ( FP ). 
Purified  DSL-GST  and  GST  were  separated  in  a  12.5%  SDS-PAA  gel.  The  protein  bands 
were  visualized  either  by  Coomassie  staining  or  by  immunochemical  techniques  as  above. 
Lanes:  l,  GST;  2,  DSL-GST. 
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Introduction 

Several  plant  lectins  such  as  those  from  Sambucus  nigra  (SNA),  Maackia 
amurensis  (MAL)  and  wheat  germ  (WGA)  have  similar  oligosaccharide  binding 
specificities  as  pertussis  toxin  (PT),  a  virulence  factor  produced  by  the  organism 
Bordetella  pertussis,  the  etiological  agent  of  whooping  cough  [1],  All  these  lectins 
recognize  sialic  acid  containing  oligosaccharide  sequences.  An  important  group  of 
mammalian  sialic  acid-specific  lectins,  called  se  tec  tins  play  a  crucial  rote  in  immune 
responses  (including  inflammatory  responses)  by  promoting  cell-cell  contact  or 
extravasation  of  leukocytes.  Specific  carbohydrate  receptors  for  selectins  have  been 
determined  to  contain  similar  oligosaccharide  sequences  as  those  which  are  recognized 
by  PT  and  the  three  plant  lectins.  Moreover,  we,  as  well  as  others,  have  recently 
determined  functional  similarities  between  PT  and  the  mammalian  selectins  [2,  3]. 
We  have  also  recently  demonstrated  that  peptide  sequences  derived  from  the  S2 
subunit  of  PT  were  able  to  bind  specifically  to  sialic  acid  containing  oligosaccharides 
and  inhibit  the  binding  of  PT  and  the  plant  lectins  [4],  Since  these  PT  derived 
peptides  have  the  ability  to  bind  to  sialylated  oligosaccharide  structures  and  inhibit 
lectin  binding,  these  peptides  in  principle  should  be  able  to  antagonize  selectin 
mediated  inflammatory  activity.  If  selectin  binding  activity  can  be  altered  by  the  use 
of  the  inhibitory  peptide  sequences,  then  they  have  the  potential  to  control 
inflammation.  These  types  of  compounds  will  lead  to  the  development  of  novel  and 
more  effective  antiinflammatory  agents. 

In  this  report  we  evaluated  a  series  of  synthetic  peptides  derived  from  sequences 
found  in  PT,  which  had  the  ability  to  bind  to  sialic  acid  containing  oligosaccharide 
sequences  mid  inhibit  lectin  binding,  for  their  potential  to  bind  to  the  putative 
oligosaccharide  selectin  receptors.  Those  peptide  sequences  which  had  the  potential 
to  bind  these  oligosaccharide  sequences  woe  screened  for  die  potential  to  inhibit 
selectin  mediated  inflammatory  responses. 

Results  and  Discussion 

The  peptide  sequences  that  were  chosen  for  further  binding  studies  were 
sequences  found  in  the  S2  subunit  of  PT  and  corresponded  to  amino  acids  9-23 
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(ACS2P1)  and  18-23  (SPYGRC).  Both  of  these  peptides  contained  within  their 
sequences  a  short  6-amino  acid  span  (SPYGRC)  which  displayed  good  homology  to  a 
sequence  found  in  WGA  (SQYGHC)  that  was  found  to  be  a  component  of  die  sialic 
acid  binding  site  as  determined  by  X-ray  crystallography  [5].  Since  these  peptides 
have  been  shown  to  play  a  major  role  in  binding  sialic  acid,  biotinylated  derivatives 
of  these  peptide  sequences  were  screened  for  the  ability  to  react  with  a  panel  of 
synthetic  BSA  glycoconjugates  including  the  sialyl  Lewis  X  (SLe*)  and  the  sialyl 
Lewis  A  (SLe*)  oligosaccharide  sequences,  which  have  been  identified  as  putative 
receptors  for  seiectins.  Table  1  shows  that  both  peptides  can  bind  to  a  panel  of  sialic 
acid  containing  glycoconjugates  with  variable  affinities  relative  to  control  binding  to 
fetuin. 


Table  1  Binding  of  ACS2P1  -biotin  and  SPYGRC-biotin  to  BSA  Conjugates * 


Carbohydrate  Structure  of 

BSA  Conjugate 

Common 

Name 

Binding  Relative 
to  Fetuin  of 
ACS2Pl-b 
(n  =  3) 

Binding  Relative 
to  Fetuin  of 
SPYGRC-b 
(n  =  3) 

oNeuAc(2-3)PGal(l  -4)pGlcNAc-BSA 

SLacNAC 

1.17  ±  0.12 

1.20  ±  0.07 

oNeuAc(2-3)pGal(l-3)PGIcNAc-BSA 

SUP 

0.70  ±  0.04 

0.97  ±  0.12 

cxNeuAc(2-3)fJGal(  1  -4)PGlcN  Ac-BSA 

SLacNAC 

0.94  ±  0.02 

1.22  ±  0.05 

0tNeuAc(2-3)PGal(l-4)PGlcNAc-BSA 

(1-3) 

aFuc 

SLe* 

0.84  ±  0.03 

1.20  ±  0.04 

«NeuAc(2-3)pGal(l-3)PGlcNAc-BSA 

(1-4) 

aFuc 

SLe* 

0.84  ±  0.14 

1.03  ±  0.08 

‘Experiment*  were  done  by  coating  30  pg/ml  BSA-conjugate  or  fetuin  and  probed  with  0.1 
pg  ACS2Pl-biotin  (ACS2Pl-b)  or  0.5  pg  of  SPYGRC-b  for  I  h  at  room  temperature  as 
described  previously  [4].  The  binding  of  biotinylated  peptide  to  fetuin  is  set  at  a  value  of 
1.0. 


The  results  in  Table  1  indicate  that  both  biotinylated  peptide  sequences, 
ACS2P1  (2275)  and  SPYGRC  (2283)  were  able  to  bind  to  the  oligosaccharides  SLe* 
and  SLe*,  and  thus  could  serve  as  antagonists  for  a  se lectin  mediated  inflammatory 
response.  To  assess  the  potential  of  these  peptides  as  mediators  of  a  DTH 
inflammatory  response,  an  in  vivo  animal  model  system  was  employed  which 
measures  the  degree  of  mouse  footpad  swelling  in  Balb/c  mice  after  re-exposure  to  an 
antigen  [6],  The  peptides  ACS2P1  and  SPYGRC  as  well  as  two  control  peptides 
that  contain  randomized  sequences  of  ACS2P1  (RHQGQSPIYGEQPCT,  2295)  and 
SPYGRC  (GSYRPC,  2294)  were  used  as  potential  inhibitors  of  footpad  swelling. 

The  oligosaccharide  SLe*  was  utilized  as  a  positive  control.  Seven  days  after 
immunization  with  an  antigen  (ovalbumen),  groups  of  10  mice  were  footpad- 
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challenged  with  ovalbumin.  Five  hours  after  re-challenge  each  group  was  treated 
with  100  fig  of  peptide  or  SLe*  in  PBS  while  control  groups  received  only  PBS.  The 
effect  of  each  peptide  or  carbohydrate  on  reducing  mouse  footpad  swelling  was 
determined  after  24  h.  The  results  shown  in  Figure  1  indicate  that  the  peptides 
ACS2P1  (2275)  and  SPYGRC  (2283)  were  as  effective  at  reducing  a  DTH  response 
in  mice  as  an  equal  amount  of  SLe'  oligosaccharide;  a  compound  which  is  presently 
being  considered  as  a  new  antiinflammatory  drug.  Control  peptides  2294  and  2295 
which  contain  randomized  sequences  were  found  to  be  ineffective  at  reducing 
inflammation  indicating  that  the  hexapeptide  sequence  (SPYGRC)  found  in  peptides 
2275  and  2283  must  play  an  important  role  in  preventing  selectin  binding  to  its 
receptor  thus  reducing  a  DTH  inflammatory  response. 


|  Oval/2283 


> 

O 


0  12  3  4 

Footpad  Swelling  (mm-1) 


Fig.  1.  Effect  of  peptides  on  an  ovalbumin-induced  DTH  response. 


The  utilization  of  carbohydrate  binding  peptides  to  block  selectin  binding 
provides  a  novel  approach  for  the  development  of  alternative  antiinflammatory 
agents.  We  have  identified  small  amino  acid  sequences  which  can  serve  as  lead 
compounds  for  the  development  of  antiinflammatory  drugs.  New  peptide  sequences 
are  presently  being  synthesized  and  examined  in  various  animal  model  systems. 
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Introdoction 

We  seek  to  chemically  synthesize  small  model  antibodies  based  on  the 
framework  of  the  murine  myeloma  protein  McPC603,  an  IgA  immunoglobulin 
whose  three-dimensional  structure  is  known  [1],  To  better  understand  the  required 
sequences  for  antibody-antigen  interaction  we  have  chemically  synthesized  the  N- 
terminal  VH(l-68)  and  VH(1-1 15)  of  die  a-heavy  chain.  Our  previous  synthesis  of 
VH(  1  -68)  [2]  demonstrated  the  feasibility  of  a  stepwise  synthesis  of  such  a  large 
fragment  using  the  PAM  resin.  The  present  synthesis  of  VH(1-1 15)  includes  the  22- 
98  disulfide  bond  that  is  thought  to  be  necessary  for  the  correct  folding  of  the  heavy 
chain.  This  VH  fragment  also  contains  die  three  hypervariable  loops,  which  are 
responsible  for  die  specificity  of  the  antibody  and  also  contains  the  framework  region 
of  the  M603  idiotope.  Using  these  synthetic  fragments,  and  the  natural  light  chains 
isolated  from  the  mouse,  we  explored  domain  association,  folding,  and  stoichiometry 
by  affinity  chromatography  and  capillary  electrophoresis. 

VH  ( 1  - 1 1 5 )  :  MVK LVM80GGL VQPG OSULLSCAT SG  FT  F  S 

DFYUEWVRQPPflKRLEWIAASRNKflNKYTT 
EY  flASVKGRPXVSRDT  SQS  JLY  LQMNAL  JUI 
EDTAIYrCARNYTOtfTWYFDVWGAO 

Fig.  1.  Sequence  of  the  N-terminal  of  McPC603  a-heavy  chain  showing  ninhydrin/amino 
acid  analysis  monitoring  points  during  the  synthesis  in  bold  type. 

Resalts  and  Discussion 

Both  VH(l-68)  and  VH(1-1 15)  were  synthesized  with  Boc-protection  via  a  linear 
stepwise  solid  phase  approach  on  a  PAM  resin.  We  find  that  foe  linear  stepwise 
synthetic  approach  for  hydrophobic  proteins  of  this  size  is  very  efficient,  due  to 
solubilization  of  die  growing  peptide  chains  by  the  resin.  By  using  amino  acid 
analysis  to  carefully  monitor  the  synthesis  at  positions  marked  in  italics  (Figure  1), 
we  identified  a  general  problem  spot  in  the  synthesis  of  antibodies  at 
the  cysteine  couplings,  which  were  overcome  by  using  HOBT  esters  in  N- 
mefoylpyrrolidinone.  Significant  problems  in  the  synthesis  of  large  {^-barrel  proteins 
arise  not  during  die  synthesis,  but  in  the  isolation  and  purification  steps.  Denatured 
or  incorrectly  folded  fragments  aggregate  and  subsequently  become  insoluble.  RP- 
HPLC  of  the  denatured  products,  once  thought  impossible,  even  with  trifluoroacetic 
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acid,  improves  dramatically  with  the  addition  of  stronger  ion-pairing  reagents  such  as 
pentanesutfonic  acid  (Figure  2)  [3]. 


Minutes 

Fig.  2.  CIS  HPLC  on  VH(1-115).  Air  oxidized  sample,  4.S  M  guanidine  HCl,  20  mM 
borate  pH  8.5.  5-45%  acetonitrile,  1%/min,  in  5  x  10~3M  pentanesulfonic  acid. 

Capillary  electrophoresis  below  the  isoelectric  point  (pH  9),  also  improves  on 
addition  of  these  reagents.  Above  the  pi,  a  coated  capillary  (Supelco,  Cl)  gives 
sufficient  resolution  (Figure  2).  The  crude  synthetic  product  contains  two  minor 
impurities  by  CE,  that  are  not  seen  by  HPLC.  The  charge  on  the  impurities  is  close 
to  that  of  the  main  product  at  pH  9.5  and  7. 


Fig.  3.  CE  of  VH  m  20  mM  borate  pH  9.98.  Cl  column  214  nm  30k V,  72  cm  capillary, 
52  cm  to  detector. 

The  folding  and  solubility  of  the  product  was  measured  in  guanidine  HCl 
(Figure  4).  At  higher  pH's  (8.0  and  10.0),  a  discontinuity  may  reflect  the  ability  of 
the  protein  to  fans  a  disulfide  bond.  Solubilities  were  verified  by  amino  acid 
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pH-3.75 

pH-5.75 

pH-8.00 

pH-8.00  (150  nM  Nad) 
pH-10.00 


0  1  2  3  4  5  6 

[Guanidine] 

Fig.  4.  Guanidine  titration  of  chemically  synthesized  VH(1-115)  in  different  buffers 
monitored  by  UV  spectroscopy  and  amino  acid  analysis.  Aliquots  of  a  50%  acetic  acid 
extract  of  the  crude  peptide  were  diluted  into  buffers,  then  denatured  with  guanidine  HCL 

analysis.  We  found  that  correct  folding  of  the  synthetic  VH  proteins  relies  on  the 
adoption  of  a  stable  secondary  structure  such  as  a  ^-barrel,  that  formation  of  a 
disulfide  bond  may  be  necessary,  and  that  correct  folding  is  facilitated  by  renaturation 
in  the  presence  of  a  template.  Removal  of  denaturant  at  physiological  pH  without 
the  complimentary  light  chain  gave  insoluble  particles. 

Analysis  of  sequence  homology  between  VH(l-68)  and  the  second  halfofVH(l- 
1  IS)  led  us  to  suspect  that  dimers  of  VH(l-68)  may  effectively  mimic  the  longer 
chain  and  recombine  with  the  light  chain  to  form  active  hybrids.  These  hybrids 
might  have  similar  properties  to  the  native  structure  and  provide  yet  another  variation 
on  the  ^-barrel  structural  motif.  This  would  also  explain  a  difference  between  our 
results  and  those  on  the  product  horn  genetic  engineering  [4). 

The  hapten  of  McPC6G3,  phosphocholine  (PC),  is  a  small,  negatively  charged 
organic  substrate.  The  hybrid  synthetic  and  natural  recombination  products  were 
isolated  by  affinity  chromatography  on  a  column  with  covalently  linked  PC.  Two 
recombination  products  with  slightly  different  affinities  were  isolated  and  will  be 
further  characterized.  Further  studies  are  underway  to  fully  characterize  the 
stoichiometry  and  structure  of  these  recombinants. 
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Introduction 

Pseudomonas  aeruginosa  is  an  opportunistic  pathogen  which  affects  burn, 
cystic  fibrosis  and  cancer  patients  [1].  A  potential  anti-adhesion  vaccine  from  die  C- 
terminal  region  of  the  pilin  of  P.  aeruginosa  strain  K  (PAK)  has  been  studied  by  1- 
and  2-dimensional  NMR  techniques  in  order  to  gain  insight  into  the  process  of 
antibody-antigen  recognition.  The  study  of  the  pilin  of  this  and  other  strains  of  this 
bacterium  should  allow  a  greater  understanding  of  the  cross-reactivity  of  antibodies 
specific  for  this  region  and  facilitate  die  development  of  an  effective  anti-adhesion 
vaccine.  We  have  shcrue  that  a  17  residue  disulfide  bridged  peptide  (PAK  128-144) 
KCTSDQDEf  '  *PKGt  corresponding  to  the  receptor  binding  domain  of  P. 
aeruginosa  e  as  two  isomers  in  solution  and  in  this  paper  demonstrate  the 
differences  betwc.  ■>.  the  two  forms. 

Results  and  Discussion 

1  and  2  dimensional  NMR  spectra  of  PAK  128-144  oxidized  indicated  that  two 
isoforms  of  the  peptide  exist  in  aqueous  solution  in  a  ratio  of  3:1.  Due  to  well 
resolved  cross-peaks  of  the  two  forms  in  COSY,  TOCSY  and  NOESY  spectra,  a 
complete  set  of  resonance  assignments  [2]  were  obtained  for  both.  Through  the 
assignment  of  characteristic  NOEs,  die  two  isoforms  were  shown  to  arise  as  a 
consequence  of  cis/trans  isomerization  of  the  I138-P139  amide  bond.  The  two 
isoforms  were  demonstrated  to  differ  markedly  in  their  solution  structure  through 
comparison  of  chemical  shift  and  temperature  coefficient  data.  Several  residues  in  the 
cis  isoform  exhibit  considerable  differences  in  their  NH  and  a  proton  chemical  shifts 
with  respect  to  die  trans.  These  variations  do  not  occur  exclusively  in  die  region  of 
the  cis  amide  bond,  suggesting  that  conformational  factors  play  a  role  in 
stabilization  of  die  minor  isoform,  however,  this  might  be  expected  since  cis/trans 
isomerization  of  proline  is  not  an  entirely  localized  event  [3].  Examination  of  NH 
proton  temperature  coefficients  for  the  two  forms  also  gives  insight  into  the 
conformational  differences  that  occur.  The  temperature  dependence  of  the  NH 
chemical  shift  is  an  indication  of  intramolecular  hydrogen  bonding  in  a  peptide  or 
protein  [4].  The  trans  isoform  has  putative  H-bonds  to  the  amides  of  F137  and  C142 
while  die  cis  form  apparendy  has  H-bonds  to  S131,  E135,  Q136  and  C142.  The 
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different  hydrogen  bonding  in  the  cis  isomer  indicates  that  its  3-D  structure  differs 
significantly  from  that  of  the  mans  form  and  may  even  be  more  rigid  due  to  the 
greater  number  of  H -bonds.  The  differences  in  the  chemical  shifts  are  consistent  with 
the  variation  in  hydrogen  bonding  between  the  two  isoforms.  The  residues  which 
apparently  change  their  H-bonding  from  cis  to  mans  are  those  which  show  marked 
differences  in  their  chemical  shift  Distance  and  torsion  angle  restraints  have  been 
obtained  for  the  mans  isomer  and  used  to  generate  an  ensemble  of  solution  structures 
which  is  shown  in  Figure  1.  This  was  not  possible  for  the  cis  isomer  due  to  the 
limited  number  of  NOEs  observed.  The  conformational  ensemble  of  the  mans  form 
shows  the  presence  of  two  fi- turns  between  residues  134-137  and  139-142  in  the 
region  of  highest  definition  in  the  molecule.  The  epitope  of  the  monoclonal  antibody 
PK99H  has  been  shown  to  consist  of  residues  134-140  of  PAK  128-144  [5].  The 
presence  of  the  (1-turn  between  D134  and  F137  is  consistent  with  other  immunogenic 
peptides  which  have  shown  an  innate  tendency  to  adopt  secondary  structure  in  the 
epitope  region.  The  cis  isoform  apparently  lacks  the  fl-tum  between  residues  134  and 
137  since  the  characteristic  H-bond  of  F137  is  not  present  and  H-bonds  are  present  at 
E133  and  Q136  indicating  that  the  turn  is  disrupted.  These  results  show  that  the  two 
isoforms  differ  markedly  in  their  3-D  structure  and  thus  may  also  differ  significantly 
in  their  biological  activity. 


Fig.  I.  Conformational  ensemble  for  PAK  128-144  mans.  The  backbone  of  residues  133- 
142  and  the  sidechains  of  FI 37  and  1138  are  displayed 
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Introduction 

Malaria  infects  200  million  human  beings  each  year  with  a  fatality  rate  of  2-3% 
and  is  a  major  health  problem  in  developing  countries.  To  help  solve  this  problem, 
a  viable  vaccine  candidate  is  needed  for  clinical  trials.  A  cysteine-rich  domain  at  the 
carboxyl  terminus  of  the  merozoite  surface  protein  (MSP-1)  [1]  is  the  most 
promising  antigen  for  a  vaccine  that  protects  against  infection  challenge  in  primate 
and  rodent  models.  The  antigen  belongs  to  the  three-disulfide  epidermal  growth  factor 
(EGF)  family  based  on  the  alignment  of  the  six  cysteines.  Our  strategy  is  to  allow 
the  EGF-like  domain  to  fold  and  form  well-defined  disulfide  bonds  before  conjugation 
to  the  MAP  core  matrix  [2].  We  have  recently  accomplished  the  synthesis  of  MSP-1 
antigen  [3]  ami  me  currently  developing  new  methods  for  its  conjugation  to  the  MAP 
core  matrix.  Because  the  MSP-1  antigen  has  formed  disulfide  bonds,  we  cannot  use 
the  traditional  method  of  conjugating  via  the  thiol  alkylation  of  cysteine  with  a 
haloacetyl  group.  Furthermore,  there  are  few  methods  available  for  such  site-specific 
conjugation  in  foe  selective  formation  of  a  covalent  bond  between  foe  peptide  antigen 
and  the  core-matrix.  A  rational  approach  would  make  use  of  the  conjugation  reaction 
mediated  through  a  weakly  basic  nitrogen  nucleophile  and  an  aldehyde  under  acidic 
aqueous  com. lions,  whereby  all  the  side  chain  functionalities  are  protected  by 
protonation.  We  describe  here  a  model  reaction  that  validates  our  concept  of 
attaching  a  olded  protein  to  a  MAP  core  matrix,  which  can  result  in  a  chemically  and 
structurally  well-defined  synthetic  vaccine  with  a  MW  exceeding  23,000  daltons  and 
which  is  technically  difficult  to  achieve  in  stepwise  MAP  synthesis. 

Results  and  Discussion 

Our  approach  to  assembling  unprotected  peptide  antigens  on  a  scaffold  utilizes 
the  reaction  between  a  phenyl  hydrazine  and  an  alkyl  aldehyde  to  form  a  hydrazone 
bond.  The  model  peptide,  SSQFQIHGPR,  was  synthesized  by  the  solid  phase 
method  using  Boc  chemistry.  The  peptide  was  capped  with  a  4- Boc-hydrazi nobenzoyl 
(Boc-Hob)  group  via  DCC/HOBt  at  the  N-terminal.  Hob  is  a  suitable  choice  for  this 
approach  because  it  contains  a  weak  nitrogen  base  and  can  act  as  the  only  nucleophile 
in  acidic  pH  even  in  foe  presence  of  unprotected  side  chains.  The  aldehyde  attached  to 
the  core  matrix  was  generated  from  a  mild  periodate  oxidation  of  foe  amino  terminal 
serine  residue  by  utilizing  the  2-amino  alcohol  moiety  of  the  unprotected  N-terminal 
serine  that  is  sensitive  to  periodate  oxidation.  A  tetravalent  Ser-MAP  core  was 
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Fig.  2.  Conjugation  between  the  a-oxoocyl-MAP  core  and  the  Hob-peptide. 
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synthesized  on  solid  phase  using  Fmoc  chemistry.  (Fmoc-Ser(tBu))4-Lys2-Lys-Ala- 
resin  was  cleaved  by  TFA  and  directly  oxidized  at  pH  7  for  5  min  to  an  a-oxoacyl 
derivative  of  MAP  (HCOCO-MAP)  by  sodium  periodate.  The  reaction  was  quenched 
by  ethylene  glycol  and  purified  by  C]g  reverse-phase  HPLC  (Figure  1).  Due  to  its 
instability  and  sensitivity  to  air,  it  was  used  immediately  for  the  conjugation 
reaction,  a-oxoacyl-MAP  gave  the  correct  molecular  mass  as  determined  by  FAB- 
MS. 

The  conjugation  (Figure  2)  was  carried  out  at  pH  S,  in  which  Hob  obtained 
from  the  TFA  deprotection  of  Boc-Hob  is  the  only  nucleophile  to  react  with  a- 
oxoacyl-MAP.  The  reaction  was  very  efficient  and,  when  using  a  2-fold  molar  excess 
of  the  Hob-peptide,  the  reaction  was  completed  within  10  min.  Furthermore,  only  a 
single  product  was  formed,  as  determined  by  C4  reverse-phase  HPLC.  When  the 
reaction  was  repeated  with  1  or  1.5  equivalent  of  Hob-peptide,  the  tetravalent 
hydrazone-MAP  product  was  completed  in  5  h  and  1  h,  respectively.  The  peptide- 
hydrazone-MAP  conjugate  was  characterized  by  ESI-MS  and  amino  acid  analysis. 
Both  analyses  agreed  with  the  expected  composition. 

The  advantages  of  our  approach  are  as  follows:  (1)  the  Ser-MAP  core  matrix  is 
convenient  to  prepare;  (2)  the  mild  oxidation  by  periodate  to  a-oxoacyl-MAP  is 
efficient  and  generally  free  of  side  reactions  because  of  the  absence  of  side  chains  in 
the  MAP  core  matrix;  (3)  the  Hob  group  can  be  considered  to  be  an  amino  derivative 
and  conveniently  integrated  into  the  synthetic  scheme  in  solid  phase;  (4)  the 
conjugation  between  Hob  and  a-oxoacyl-MAP  is  facile  and  selective;  and  (5)  because 
of  the  aromatic  conjugation  in  the  phenyl  hydrazone  linkage,  and  unlike  the  normal 
alkyl  hydrazone  linkage,  it  is  stable  at  the  neutral  pH  that  is  used  in  the 
immunization  procedure. 

In  conclusion,  we  have  developed  a  novel  strategy  for  linking  unprotected 
peptide  antigens  to  the  MAP  core  matrix  to  produce  structurally  and  chemically 
defined  macromolecules  for  vaccine  purposes. 
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Introduction 

The  development  of  chimeric  constructs  containing  a  T-cell  and  B-cell  epitope 
for  the  rational  design  of  future  vaccines  represents  an  effective  alternative  to  the  use 
of  undefined  carrier  protein  conjugates  [1].  The  mechanism  of  directional  help  in  T- 
cell  dependent  B-cell  responses  elicited  by  chimeric  constructs  is  poorly  understood, 
but  is  dependent  on  a  number  of  factors:  peptide  processing  by  antigen  presenting 
cells  (APC),  the  presence  of  T-cells  of  appropriate  specificity,  affinity  of  the  T-cell 
epitope  for  MHC  class  II  molecules  and  antigen  mimicry.  There  are  a  number  of 
examples  that  show  the  influence  of  epitope  orientation  on  the  immunogenicity  of 
chimeric  synthetic  peptides  and  the  affinity  of  antibodies  induced  by  them  [2-4].  The 
aim  of  this  study  is  to  explore  the  mechanisms  of  the  interplay  involved  in  the 
pairing  of  B-cell  and  T-cell  epitopes  within  a  single  synthetic  peptide. 

Results  and  Discussion 

A  B-cell  epitope  (aN)  derived  from  the  protein  antigen  mouse  lactate 
dehydrogenase  C4  (LDH-C^,  was  colinearly  synthesized  with  a  "promiscuous"  T-cell 
epitope  from  either  tetanus  toxoid  (TT3,  sequence  947-967)  or  the  fusion  protein  of 
measles  virus  (MVF,  sequence  288-302).  The  four  constructs  woe  synthesized  such 
that  the  T-cell  epitopes  were  at  the  amino  terminus  (aNTT3  and  aNMVF)  or  the 
carboxyl  terminus  (TT3aN  and  MWc^)  relative  to  the  B-cell  epitope.  The  four 
chimeric  peptides  were  synthesized  on  a  Milligen/Biosearch  9600  synthesizer  using 
FMOC/t-butyl  synthetic  strategy,  BOP/HOBt  in  situ  activation  coupling  protocols 
on  a  MB  HA  resin  (0.6  mmol/g,  4-hydroxymethyl  phenoxyacetyl  linker).  Peptides 
were  deprotec  ted  and  cleaved  from  the  resin  with  TFA  and  were  purified  (>95% 
homogeneity)  by  reverse-phase  semi-preparative  HPLC. 

We  studied  the  immune  responses  of  these  constructs  by  immunizing  New 
Zealand  white  female  rabbits  three  weeks  apart  and  collecting  sera  at  weekly  intervals 
during  the  primary,  secondary  and  tertiary  response.  Since  all  constructs  produced 
high  titered  antisera  specific  for  the  immunogen  and  the  native  protein  LDH-C4,  the 
orientation  of  the  B-cell  epitope  (a,,)  relative  to  the  promiscuous  T-cell  epitope  [TT3 
(data  not  shown)  or  MVF]  did  not  affect  the  immunogenicity  of  these  peptides.  In 
order  to  delineate  how  orientation  of  the  epitopes  affects  specificity  and  affinity  of 
antibody  recognition,  competitive  inhibition  ELISA  were  carried  out  Our  results 
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show  that  all  of  the  chimeric  constructs  irrespective  of  epitope  orientation  wen  good 
inhibitors  of  anti-chimera  antibody  (rinding  to  the  native  protein  on  the  plate  (Figure 
1). 


Fig.  1.  Inhibitors  a^dVF,  MVFa^  aNTT3,  LDH-C4  and  MVF-Tum  competing  for  the 
binding  of  anti-MVFaN  antibodies  to  native  protein  (LDH-CJ  coated  plates. 

The  chimeric  antibodies  are  specific  for  the  epitope  of  LDH-C4  indicating 
that  the  B-cell  epitope  conformation  in  the  chimeric  peptides  is  mimicking  the 
structure  of  the  native  antigen  protein.  Thus,  the  influence  of  epitope  orientation  on 
the  ability  of  the  various  peptide  constructs  to  inhibit  antibody  binding  to  LDH-C4 
cannot  be  easily  distinguished.  In  conclusion,  although  chimeras  with  opposite 
orientation  were  slightly  less  effective  inhibitors  than  chimeras  with  the  same 
orientation  in  inhibiting  antibody  binding  to  the  native  protein,  the  immunogenic 
capacity  of  individual  chimeras  was  not  impaired  by  choice  or  selection  of  epitope 
orientation.  (This  work  was  supported  by  an  NIH  grant  AI25790  to  PTPK.) 
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Introduction 

Receptor  dimerization  upon  ligand  binding  has  been  suggested  as  a  general 
mechanism  for  receptor  kinase  activation  [1].  While  ligands  may  directly  participate 
in  or  facilitate  dimerization  of  receptors  by  inducing  corresponding  conformational 
changes,  the  transmembrane  (TM)  regions  of  the  receptors  may  also  play  an  active 
role  in  this  process.  For  example,  a  single  mutation  of  Val664  to  Glu  within  the 
putative  TM  domain  of  the  neu  protein,  pl85,  dimerizes  and  constitutively  activates 
this  protein  kinase,  and  consequently  renders  it  oncogenic.  It  has  been  hypothesized 
that  dimerization  of  the  oncogenic  neu  protein  may  be  mediated  by  the  TM  Glu 
residue  [2]. 

Results  and  Discussion 

We  have  adopted  a  peptide  approach  to  address  the  above  problem  (see  also  [3]). 
Two  23-residue  peptides  were  synthesized  of  amino  acid  sequence  H2N-Arg-Ala- 
Ser-Pro- Val-Thr-Phe-Ile-Ile-Ala-Thr- Val-X-Gly- Val-Leu-Leu-Lys-Arg- A  rg  -  A  rg  -Gln- 
Lys-  OH,  where  X  =  Val  or  Glu.  These  two  peptides,  designated  neu(TM)-V  and 
neu( TM)-E,  respectively,  represent  major  portions  of  the  putative  TM  segments  of 
the  proto-oncogenic  and  oncogenic  forms  of  the  corresponding  neu  proteins. 

Circular  dichroism  (CD)  spectra  of  these  peptides  in  water,  and  upon  titration 
with  sodium  dodecylsulfate  (SDS)  are  displayed  in  Figure  1.  While  both  peptides 
undergo  conformational  transitions  from  random  structure  in  aqueous  buffer  to  largely 
a-helix  in  SDS  (pH  7.0),  the  helicity  of  peptide  /te«(TM)-V  apparently  decreases  as 
the  SDS  concentration  is  increased  from  2.5  to  10  mM  (Figure  IB).  This 
phenomenon  may  reflect  the  relatively  stronger  aggregational  tendency  for  peptide 
ne«(TM)-V  in  SDS  solutions  at  neutral  pH,  as  is  further  suggested  by  its  decreased 
absolute  ellipticity  in  10  mM  SDS  compared  with  peptide  neu(TM)-E  (Figure  1A). 
Thus,  SDS  molecules  may  act  as  counter-ions  to  the  positively-charged  ends  of 
peptide  /«e«(TM>V,  and  promote  its  hydrophobic  self-association.  Parallel  SDS- 
PAGE  gels  run  at  pH  8.8  (Figure  2A)  reveal  that  peptide  neu( TM)-V  (monomer  MW 
2608)  assumes  largely  helical  dimers  along  with  some  highly  aggregated  P-sheet 
species  (noted  at  die  top  of  gel  A),  whereas  peptide  new(TM>E  exists  predominantly 


757 


xra&r:-- 


‘-ttBMZSETii sr 


S.-C.  Li  el  aL 


Conformational  Analysis 


as  diffuse  monomers,  loaized  TM  Giu  side  chains  may  mitigate  against  dimerization 
of  nea(TM>-E  because  of  charge-cturge  repulsion,  but  this  peptide  could,  in  principle, 
form  dimers  when  the  Glu  side  chain  is  protonated  (neutral).  This  proved  to  be  the 
case,  as  evidenced  by  SDS  gels  run  at  a  pH  below  the  pK  value  (4.4)  of  the  Glu  side 
chain;  Figure  2B  demonstrates  that  both  peptides  neu(TM>V  and  neu  (TM>E  form 
dimers  (-5  kDa)  at  pH  3.5.  Although  running  SDS  gels  under  acidic  conditions  has 
not  been  widely  reported,  the  well-resolved  separation  of  the  molecular  weight 
standards  in  Figure  2B  suggests  that  die  results  are  valid. 


Fig.  1.  CD  spectra  of  peptides  (A)  neu(TM)-E  (30  pM)  and  (B)  neu(TM)-V  (30  pM)  upon 
titration  with  SDS  at  the  indicated  concentrations.  Methods  for  peptide  synthesis  and  CD 
measurements  were  as  described  13].  Peptide  sequences  are  given  in  the  text. 

The  in  vitro  tendency  toward  self-association  of  peptide  nru(TM)-V  in  the 
membrane-mimetic  environment  of  SDS  micelles  may  not  necessarily  be 
representative  of  the  situation  in  intact  pl85  proteins,  where  close  packing  of  TM 
segments  may  generally  be  hindered  by  the  bulky  periplasmic  and  cytoplasmic 
domains  of  the  protein.  As  well,  wild  type  TM  residues  can  interact  hydrophobically 
with  themselves  or  surrounding  lipids,  and  in  principle,  equilibrate  between  the  two. 
The  present  results  suggest  that  when  the  Glu  side  chain  is  protonated  -  as  may  occur 
in  the  physiological,  noo-poiar  environment  of  a  membrane-spanning  segment  -  this 
residue  can  also  mediate  the  dimerization  of  die  (oncogenic)  neu  protein  in  the 
membrane,  likely  by  H-bonding  between  pairs  of  (protonated)  Glu  side  chains  and/or 
between  Glu  side  chains  and  accessible  (Ala?)  neighboring  main  chain  C=0  groups 
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[2].  However,  in  contrast  to  the  Val  dimer,  the  site  of  interaction  in  the  Glu  diner  is 
four  side  chain  bonds  distant  from  the  main  chain;  such  an  interaction  may  not 
require  as  close  an  approach  of  peptide  backbones,  yet  may  be  sufficient  to  bring  the 
corresponding  cytoplasmic  protein  kinase  domains  into  contact  Once  formed,  such 
Glu  dimers  may  be  more  tightly  associated  than  corresponding  Val  dimers,  since  their 
interaction  involves  the  attractive  energies  of  two  H-bonds  in  an  otherwise  low 
dielectric  local  environment.  Such  relative  inability  of  Glu  dimers  to  dissociate 
would  then  provide,  in  part  an  underlying  basis  for  the  mechanism  of  receptor 
constitutive  activation. 
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Fig.  2.  SDS-PAGE  gel  analysis  of  peptides  at  (A)  pH  8.8,  and  (B)  pH  3.5.  Lanes  are  as 
indicated  above  each  geL 
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Introduction 

The  condensation  of  shikimate  3-phosphate  (S3P)  and  pyruvylenolphosphate 
(PEP)  by  5-enolpynivylshiltimate-3-phosphate  synthase  (EPSPS)  to  form  EPSP  is 
an  essential  step  in  the  synthesis  of  aromatic  amino  acids  in  plants  and  bacteria.  The 
herbicide  glyphosate  (N-[phosphonomethyl]glycine)  inhibits  the  enzyme  by 
competing  with  the  binding  of  PEP  [1]  and  has  been  proposed  to  act  as  a  transition 
state  analog.  Efforts  to  enhance  its  micromolar  affinity  have  been  of  limited  success, 
hindered  by  a  lack  of  structural  information  to  guide  the  design  process.  The  X-ray 
structure  of  the  46  kD  free  enzyme  [2]  shows  two  structurally  similar  domains 
connected  by  two  polypeptide  strands.  The  wide  cleft  between  domains  does  not 
define  the  bound  orientation  of  S3P  and  glyphosate  and  suggests  that  a  significant 
conformational  change  must  occur  upon  binding.  To  date.  X-ray  analysis  of  the 
tanary  complex  of  S3P,  glyphosate,  and  the  enzyme  has  been  impeded  by  difficulties 
in  generating  crystalline  material. 

When  crystalline  samples  are  unavailable  for  X-ray  analysis  and/or  die  motional 
properties  of  a  molecule  render  it  unsuitable  for  solution  NMR,  solid-state  NMR  can 
provide  structural  information  otherwise  unattainable.  Rotational  Echo-DOuble- 
Resonance  (REDOR)  NMR  allows  interatomic  separation  to  be  determined  based  on 
the  r3  distance  dependence  of  the  dipolar  coupling  [3].  In  this  magic-angle  spinning 
experiment,  signal  echoes  that  normally  form  during  each  rotor  cycle  for  one  nucleus 
are  attenuated  by  rotor-synchronized  %  pulses  applied  to  the  other  nucleus.  The 
reduction  in  signal  intensity  is  a  function  of  the  dipolar  coupling  of  the  nuclei 
involved.  In  this  study,  we  report  REDOR  NMR  analyses  of  the  EPSPS  ternary 
complex  which  measure  distances  within  glyphosate,  between  glyphosate  and  S3P, 
and  between  each  ligand  and  the  enzyme.  These  distances,  along  with  information 
from  chemical  modification  and  site-directed  mutagenesis  studies,  have  been  used  to 
generate  a  model  for  the  bound  geometry  of  S3P  and  glyphosate. 

Results  and  Discussion 

EPSPS  was  purified  from  cultures  of  an  E.  coli  strain  (Monsanto  Co.) 
engineered  to  overproduce  the  enzyme.  Samples  for  NMR  analysis  (-150  mg)  were 
prepared  by  lyophilization  of  a  buffered  dilute  solution  of  the  enzyme,  S3P,  and 
glyphosate  [4].  Bound  31P  chemical  shifts  were  die  same  in  the  lyophilized  powder 
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and  aohitioa,  confirming  that  the  structure  of  the  binding  site  is  preserved  in  the 
lyophdized  enzyme. 

REDOR  experiments  with  specifically  labelled  1  ^-glyphosate  in  which  the 
3IP  signal  was  rlcphasfrl  by  13C  yielded  glyphosate  intramolecular  distances  of  4.92  ± 
0.04  A  (Cl-P)  and  4.04  ±  0.05  A  (C2-P).  Dephasing  by  surrounding  natural 
abundance  i3C  was  traded  as  a  single,  "mean”  spin  and  applied  as  a  correction  to  the 
observed  dephasing.  A  systematic  conformational  search  of  glyphosate  identified  four 
families  of  conformations  consistent  with  these  distances,  of  which  two  are  similar 
to  X-ray  structures  reported  for  glyphosate  [5, 6].  All  four  conformations  could  be 
superimposed  on  a  carbocation  transition-state  model  for  PEP. 

These  experiments  and  others  using  lsN-glyphosate  also  yielded  inter-ligand 
distances:  6.2  ±  0.2,  6.4  ±0.1,  7.1  ±  0.3,  and  6.3  ±  0.3  A  between  the  S3P 
phosphorus  and  Cl,  C2,  N,  and  C3  of  glyphosate,  respectively.  Restrained 
molecular  dynamics  simulations  of  the  two  ligands  in  the  absence  of  the  enzyme  did 
not  eliminate  any  of  die  four  glyphosate  conformations  and  did  not  define  the 
orientation  of  glyphosate  with  respect  to  S3P.  These  simulations  did  reveal  that  the 
closest  approach  of  the  S3P  oxygen  at  position  five  to  the  glyphosate  nitrogen  is 
>5.0  A.  One  model  for  glyphosate  inhibition  proposes  hydrogen  bonding  between 
these  two  atoms  to  form  a  complex  similar  in  geometry  to  the  tetrahedral 
intermediate  formed  by  EPSPS  from  S3P  and  PEP  [7].  The  simulations  reveal  that 
dus  mode  of  interaction  is  unlikely  and  also  explain  the  unexpectedly  low  affinity  of 
a  cosubstrate  of  S3P  and  glyphosate  [8]. 

REDOR  experiments  using  [6-,JN]lysine-EPSPS  in  which  the  1SN  signal  was 
dephased  by  3,P  suggested  that  3  of  the  17  lysine  sidechains  in  EPSPS  are  near 
glyphosate  and  S3P.  A  TEDOR  [9]  experiment  established  that  two  of  the  lysines 
are  4.0  ±  0.3  A  from  the  phosphorus  of  glyphosate  while  one  is  3.7  ±  0.4  A  from 
the  S3P  phosphorus.  Another  REDOR  experiment  with  [6-lsN]lysine-EPSPS  and 
[l-13C]glyphosate  revealed  that  one  of  the  3  lysines  was  4.3  ±  0.3  A  from  Cl  of 
glyphosate.  Proximity  of  S3P  and  glyphosate  phosphorus  to  two  arginines  and 
histidine  was  discovered  in  experiments  using  [U-,5N]EPSPS  and  [,5N]histidine- 
EPSPS,  respectively. 

Chemical  protection  and  site-directed  mutagenesis  experiments  have  implicated 
Lys22  [10,  11],  Lys340  [12],  Lys411  [13],  and  Arg27  plus  another  unidentified 
arginine  [14]  in  the  binding  of  S3P  aid  glyphosate  to  EPSPS.  These  residues  are 
located  in  the  cleft  of  the  EPSPS  X-ray  structure.  S3P  and  glyphosate  were  docked 
into  the  crystal  structure,  and  molecular  dynamics  simulations  were  performed  on  the 
complex  using  the  glyphosate  intramolecular  and  glyphosate/S3P  inter-ligand 
distances  as  restraints.  A  restraint  from  Arg27  to  S3P  Cl  was  inferred  from  the 
crystal  structure  and  additional  restraints  consistent  with  the  REDOR  NMR  results 
linked  ArglOO  and  Argl24  to  S3P  phosphorus;  Lys22  to  S3P  phosphorus  and 
glyphosate  Cl;  and  Lys340  and  Lys41 1  to  glyphosate  phosphorus.  The  resulting 
orientation  of  glyphosate  with  respect  to  S3P  is  shown  in  Figure  1.  Further 
REDOR  studies  of  the  ternary  complex  will  test  this  model  and  provide  insights  into 
the  mechanism  by  which  glyphosate  inhibits  EPSPS. 
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Fig.  1.  Stereo  view  of  the  model  of  S3P  and  glyphosate  bound  to  EPSP  synthase 
consistent  with  solid-stale  REDOR  NhtR  results.  Hydrogens  are  omitted  for  clarity  and  O, 
P,  and  N  atoms  are  shown  in  gray. 
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Introduction 

Heat-shock  proteins  (hsp)  belong  to  a  family  of  highly  conserved  proteins 
whose  MWs  range  from  about  10  to  1 10  kD  and  are  of  general  importance  for  protein 
folding  and  assembly.  The  members  of  the  hsp60  sub-family  (GroEL)  have  been 
shown  to  mediate  the  folding  of  many  proteins  in  vivo  and  in  vitro  [1].  These  so- 
called  chaperones  [2]  are  high  MW  complexes,  consisting  of  14,  60  kD  subunits 
arranged  in  two  stacked  heptameric  rings  [3].  In  die  presence  of  ATP,  GroEL  forms  a 
complex  with  the  co-chaperone  hsplO  (GroES),  also  a  heptameric  ring  of  identical  10 
kD  subunits.  Binding  of  GroES  to  GroEL  is  required  for  full  function  in  protein 
folding. 

The  molecular  mechanism  of  chaperone  action  is  still  poorly  understood  and  3D 
structures  of  GroEL  and  GroES  are  not  yet  available. 

After  having  shown  that  synthetic  E.  coli  GroES  assembles  spontaneously  into 
an  active  heptamer  [4],  we  have  now  progressed  to  study  the  structure  of  GroES 
molecules.  Since  the  dimensions  of  the  latter  make  solution  NMR  unfeasible,  we 
have  used  chemical  synthesis  coupled  to  CD  spectroscopy,  chromatography  and 
molecular  modeling  to  study  the  aggregation  and  structural  properties  of  several 
M.  tuberculosis  hsplO  fragments  and  correlate  them  to  those  of  the  full-length 
protein. 

Results  and  Discussion 

The  GroES  protein  (1-99)  and  its  shorter  fragments  (26-99,  51-99,  59-99  and 
75-99)  were  chemically  synthesized  using  t-BOC  chemistry  and  purified  by  RP- 
HPLC  and  ion-exchange  chromatography.  The  immunological  properties  of  the  full- 
length  protein  were  shown  to  superimpose  with  those  of  a  sample  of  recombinant 
material. 

At  concentrations  larger  than  500  iig/ml  synthetic  and  recombinant  full-length 
protein,  the  26-99, 51-99  and  59-99  fragments  but  not  the  75-99  fragment  aggregated 
to  tetramers  in  contrast  with  the  predicted  heptameric  structure  based  upon  all  other 
hsplO  molecules  studied  to  date.  At  concentrations  of  about  10  )tg/ml  the  protein 
was  mainly  dimeric  while  all  other  fragments  remained  as  tetramers.  Thus,  one  of 
the  protein  aggregation  motifs  was  contained  in  the  C-terminus  half. 
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To  predict  the  protein  secondary  structure  CD  spectroscopy  was  then  used.  In 
aqueous  solution  (pH  7.3)  the  CD  spectrum  of  the  59-99  fragment  had  a  large  P 
contribution  (minimum  at  218  nm).  The  P  contribution  was  only  partly  maintained 
in  the  51-99  fragment  and  progressively  decreased  with  increasing  the  chain  length. 
In  fact,  the  lull-length  protein  had  a  spectrum  which  others  have  attributed  to  the  so- 
called  "random-coil”  structure.  To  induce  conformational  changes  which  would  allow 
the  determination  of  secondary  structure  elements,  CD  studies  were  conducted  as  a 
function  of  pH,  temperature  and  addition  of  organic  solvents  (MeOH,  TFE  and 
AcCN).  Varying  the  pH  from  2  to  10  did  not  change  substantially  the  spectrum  of 
the  protein  while  it  reinforced  the  P  contribution  in  the  shorter  fragments  at  acidic 
pHs.  Deconvolution  of  the  59-99  spectrum  at  pH  3  using  two  independent  methods 
gave  between  21%  and  35%  p  structure  with  little  or  no  a-helix  contribution 
depending  on  the  method  used.  The  next  step  involved  titration  with  organic 
solvents  of  the  aqueous  solutions  containing  either  the  hsp  molecule  or  the  shorter 
fragments.  This  induced  conformational  changes,  summarized  as  follows:  (i)  the  CD 
spectra  in  70%  MeOH  were  of  the  a+p  type  in  all  cases  except  for  the  full-length 
protein  at  high  concentration  and  the  59-99  fragment  whose  spectra  were  of  the  a/p 
type;  (ii)  similar  trends  to  that  observed  with  MeOH  were  obtained  using  TFE  and 
AcCN,  although  conformational  changes  occurred  for  different  organic  solvent 
concentrations. 

To  evaluate  whether  addition  of  MeOH  had  any  effect  on  the  aggregation  states 
of  the  peptides  as  well  as  their  conformation,  similar  titration  studies  were  repeated 
and  followed  by  size  exclusion  chromatography.  This  indicated  that  in  70%  MeOH 
and  for  a  peptide  concentration  of  500  pg/ml  both  full-length  protein  and  fragments 
were  dimeric.  When  the  peptide  concentrations  were  reduced  to  either  100  or  10 
pg/ml,  the  protein  became  monomeric  while  the  fragments  changed  their  aggregation 
state  from  tetrameric  in  100%  buffer  to  dimeric  in  70%  MeOH.  In  conclusion,  the 
above  CD  experiments  when  coupled  to  the  S.E.  chromatography  results  indicated 
that  the  GroES  protein  was  characterized  as  having  three  different  conformational 
states:  a  "random  coil"  conformation  in  aqueous  solution,  an  a+f)  conformation  at 
low  concentration  and  in  70%  MeOH  and  finally  an  a/p  conformation  at  higher 
protein  concentration  and  in  70%  MeOH. 

Before  attempting  a  rationalization  of  these  findings  in  terms  of  3D  models, 
sequence  and  structure  homology  studies  were  performed.  These  revealed  that  the  59- 
99  fragment  had  about  40%  sequence  homology  with  the  45-83  region  of  the  MHC  D 
1  chain.  This  region  has  been  proposed  to  adopt  the  same  four  P  stranded 
conformation  found  at  the  base  of  MHC  class  I  peptide  binding  groove.  This  and  the 
CD  results  which  had  shown  that  the  59-99  fragment  had  a  predominantly  p  structure 
in  aqueous  solution  were  used  to  model  the  peptide  on  MHC  antigens. 

Furthermore,  inspection  of  the  protein  data  bank  revealed  a  second  possible 
sequence  homology,  that  between  hsp  10  and  the  76  amino  acid  long  stress  protein 
ubiquitin.  Interestingly,  ubiquitin,  whose  3D  structure  has  been  solved,  gave  a  CD 
spectrum  both  in  aqueous  solution  and  in  buffer-MeOH  mixtures  identical  to  that  of 
monomeric  hsplO  in  70%  MeOH. 

Based  upon  these  observations,  it  was  felt  possible  to  explain  the  three 
conformational  states  detected  for  the  hsplO  molecule: 

1 .  The  higher  concentration  CD  spectrum  (a/p)  in  70%  MeOH  was  reminiscent  of 

the  structure  of  the  59-99  fragment  in  aqueous  solutions.  The  structure  of 

dimeric  hsplO  may  therefore  correspond  to  that  of  the  MHC  II  peptide  binding 
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domain.  Although  the  homology  between  the  C-terminus  half  of  GroES  and 
MHC  n  might  be  coincidental,  recent  speculations,  evolutionary  relating  the 
latter  to  the  more  ancient  hsp  molecules  [5]  support  this  conclusion. 

2.  The  overall  sequence  homology  with  ubiquitin  and  the  fact  that  the  latter  has  a 
CD  spectrum  identical  to  monomeric  bsplO  were  used  to  model  the  second 
conformational  state  on  the  published  3D  structure  of  ubiquitin.  The  model 
obtained  was  consistent  with  the  aggregation  properties  of  the  protein  and  its 
fragments.  Thus,  in  die  proposed  ubiquitin-like  hsp  structure  the  (1  strand  at  the 
C-terminus  (86-90)  is  H-bonded  to  another  0  strand,  that  between  residues  2  and 
7.  In  the  shorter  fragments  (51-99  and  26-99)  which  lack  the  N-terminus 
sequence,  the  intramolecular  interaction  between  the  two  strands  is  replaced  by 
an  intermolecular  one,  that  between  the  C-terminus  strands  of  two  different 
molecules  thus  generating  the  dimeric  structures  detected  by  SE  chromato¬ 
graphy. 

3.  Finally,  the  so-called  "random  coil"  conformation  detected  in  aqueous  solutions 
could  be  explained  either  with  the  existence  of  conformational  equilibria  or 
more  convincingly,  as  indicating  that  hsp  10  is  a  compact  molecule  with  defined 
secondary  elements  but  lacking  a  well  defined  tertiary  structure.  A  corollary  to 
this  hypothesis  would  be  that  hsp  molecules  adopt  a  "random  coil" 
conformation  to  properly  carry  out  their  biological  function  which  requires 
binding  to  different  polypeptide  chains.  Our  recent  findings  indicating  that 
synthetic  Rattus  Norvegicus  GroES  forms  heptameric  structures  with  the 
expected  chaperoning  activity  but  with  a  CD  spectrum  of  the  "random  coil” 
type  support  this  conclusion. 
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Introduction 

GnRH  is  a  linear  decapeptide  that  regulates  ovulation  and  spermatogenesis  by 
stimulating  the  secretion  of  the  gonadotropins  by  the  pituitary.  In  order  to  define  the 
conformational  requirements  for  GnRH  antagonist  activity,  we  are  applying  a 
multidisciplinary  approach  that  involves  the  design  and  synthesis  of  progressively 
more  constrained  analogs,  in  combination  with  analysis  by  nuclear  magnetic 
resonance  (NMR)  and  computational  techniques.  Our  ultimate  goal  is  to  design 
peptidomimetics  that  could  be  used  as  non-steroidal  contraceptive  agents  and  for 
treatment  of  sex  steroid  dependent  pathologies.  Our  initial  analysis  of  a  marginally 
potent,  monocyclic  (1-10)  analog  (1,  Table  1)  led  to  the  design  of  monocyclic  (4-10) 
analogs  with  high  antagonist  activity  [1].  Analysis  of  one  of  these  antagonists  (2, 
Table  1)  by  NMR  and  molecular  dynamics  showed  that  the  (4-10)  cycle  adopts  a 
p-hairpin  conformation  with  a  Type  IT  p  turn  around  residues  6-7  [2,  3].  In  this 
conformation,  the  side  chains  of  residues  5  and  8,  as  well  as  the  tail  formed  by 
residues  1-3,  are  located  on  the  same  side  of  the  molecule,  suggesting  new  bridging 
possibilities  to  design  more  constrained  GnRH  antagonists.  Dicyclic  (4-10/5-8) 
antagonists  with  high  potency  have  been  obtained  [4],  and  structural  analysis  of  one 
of  these  compounds  (3,  Table  1)  revealed  a  very  similar  conformation  to  that  found 
for  the  parent  monocyclic  analog  2  [5].  Here  we  report  the  conformational  analysis 
of  another  dicyclic  (4-10/5-8)  antagonist  (4,  Table  1)  and  of  the  first  dicyclic 
compound  with  a  1-8  bridge  that  displays  a  significant  GnRH  antagonist  activity  (5, 
Table  1). 

Results  aud  Discussion 

The  conformational  behavior  of  4  in  CDClj/DMSO-dj  2: 1  (v/v)  was  studied  by 
a  combination  of  NMR  and  computational  techniques.  A  total  of  70  restraints 
deduced  from  nuclear  Overiuuiser  effects  (NOEs),  coupling  constants  and  temperature 
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Table  I  Biological  potency  of  cons  trained  GnRH  antagonists 


compound  AOA* 


1  cyck)(l-10)[A3Pio,JD'pCIPhe2J>Trp3J>-Trps,  1000  (5/8) 

NMesLeuTjAlal0)GnRH 

2  cyck*4-10XAc-A3Pro1J>pFPhe2,D-Trp3,  10  (2/10) 

Asp4JD-2NaI6,Dpr10]GnRH 

3  dicyclo(4-l(y5-8){Ac-D-2Nal1J>pClPhe2>D-Trp3,  5  (2/10) 

Asp4, Glu5,D-Arg6,Lys8J)pr10]  GnRH 

4  ,  dicyclo(4-  lQ/5,5'-8)[Ac-D-2Nal 1  JD-pCIPhe2  J>-Pal3,  5  (2/8) 

Asp\Glu5(Gly),D-Arg6,Dbu8,Dpr10]GnRH 

5  dicyclo(  1  -8/4- 1 0)[ Ac-D-Glu1  tD-pClPhe2fD-Pal3,  100  (3/6) 

Asp4^Vrg5,D-Nal6>Lys8,Dpr10]GiiRH 


*AOA-antiovulatory  assay  in  the  rat:  dosage  in  pg  (rats  ovulating/total  rats). 

coefficients  of  amide  protons  were  incorporated  into  simulated  annealing  and 
molecular  dynamics  calculations  to  obtain  structures  compatible  with  the  NMR  data. 
A  representative  structure  is  shown  in  Figure  1.  Rather  than  forming  a  Type  IT  P 
turn  around  residues  6-7,  which  has  been  proposed  to  be  essential  for  die  biological 
activity  of  GnRH,  4  adopts  a  Type  T  P-tum  conformation  around  these  residues.  In 
addition,  a  Type  II P  turn  is  formed  around  residues  5-6.  The  tail  formed  by  residues 
1-3  is  flexible,  ac  was  observed  for  2  and  3,  but  is  oriented  outwards  with  respect  to 
the  4-10  ring.  These  results  show  that,  despite  the  dicyclic  nature  of  3  and  4,  the 
4-10  backbone  is  able  to  adopt  at  least  two  distinctly  different  conformations,  and 
suggest  that  the  presence  of  a  turn  around  residues  6-7,  rather  than  the  type  of  turn,  is 
important  for  GnRH  antagonist  activity.  Our  results  also  stress  the  necessity  to 
define  the  active  conformation  in  the  N-terminal  residues. 


Fig.  J.  A  representative  structure  of  the  dicyclic  (4-10/5, 5'-8)  analog  4.  Only  heavy 
atoms  and  amide  protons  are  shown.  Solid  circles  correspond  to  atoms  of  the  backbone 
and  of  the  bridging  side  chains.  Dashed  lines  represent  hydrogen  bonds. 
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Fig.  2.  Comparison  of  the  backbone  conformations  of  the  monocyclic  (4-10)  analog  2 
(left)  and  of  the  dicyclic  (1-8/4-10)  analog  5  (right).  Only  N  and  C  atoms  of  the  backbone 
and  the  bridging  side  chain,  ire  shown. 

Using  the  same  methodology  outlined  above,  we  have  initiated  the  analysis  of 
compound  5,  where  a  1-8  bridge  constrains  the  conformation  of  the  N-teiminus.  The 
NMR  data  observed  for  this  compound  indicate  strong  similarity  between  its 
conformation  and  that  adopted  by  the  parent  monocyclic  analog  2,  including  the  Type 
IT  p-turn  conformation  around  residues  6-7  (Figure  2).  A  number  of  NOEs  between 
residues  4  and  8  suggest  that  the  conformation  of  5  is  highly  rigid.  The  bridge 
between  the  N-terminus  and  the  Lys*  side  chain  is  located  above  the  4-10  ring,  on  the 
same  side  as  the  Arg5  side  chain.  A  conformation  similar  to  a  Type  n  B  turn  is 
observed  around  residues  1-2.  This  feature  could  be  important  for  biological  activity, 
as  it  was  observed  previously  in  the  monocyclic  (1-10)  analog  1  [6],  and  was 
suggested  to  be  populated  in  2  [2].  We  are  currently  optimizing  the  potency  of  the 
dicyclic  (1-8/4-10)  series  of  GnRH  antagonists.  Conformational  analysis  of  the  most 
potent  compounds,  in  combination  with  the  information  obtained  for  the  dicyclic  (4- 
10/5-8)  antagonists,  should  lead  to  a  more  complete  definition  of  the  structural 
requirements  for  GnRH  antagonist  activity. 
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Introduction 

The  development  of  interactive  modes  of  chromatography  to  investigate  the 
physicochemical  nature  of  peptide  and  protein  surface  interactions  has  advanced 
considerably  over  the  past  decade.  In  the  present  study,  the  interactive  behaviour  of  a 
series  of  peptides  designed  to  adopt  amphipathic  helical  structure  has  been 
investigated  using  reversed  phase  liquid  chromatography  (RP-HPLC). 

Results  and  Discussion 

Parameters  which  describe  the  hydrophobic  contact  area  and  the  solute  affinity 
for  the  stationary  phase  ligands  were  determined  for  the  P-series  of  peptides  listed  in 
Table  1  over  a  temperature  range  of  5-8S°C.  The  retention  of  peptides  in  RP-HPLC 
can  be  described  by  the  following  expression: 

logkss!ogk,-Sy 

The  parameters  S  and  log  k0  were  determined  from  plots  of  log  k  versus  y  and 
are  related  to  the  hydrophobic  contact  area  of  the  peptide  and  the  affinity  of  this 
contact  region  for  the  hydrophobic  ligands  [1].  The  influence  of  ligand  hydro- 
phobicity  was  assessed  by  comparison  of  peptide  retention  on  C4  and  C18  stationary 
phases. 

Table  1  Peptide  sequences 


Peptide 


Sequence 


PI 


HjN-KSEEQLA-COOH 


P2 


HjN-KSEEQLAKSEEQLA-COOH 


P3 


HjN-KSEEQLAKSEEQLAKSEEQLA-COOH 


P4 


H^-KSEEQLAKSEEQLAKSEEQLAKSEEQLA-COOH 
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o  =  PI,  •  =  P2 

Fig.  1.  The  dependence  o/S  and  log  kg  on  temperature  for  PI  and  P2  separated  on  a  C18 
sorbent. 

Figures  1  and  2  show  the  plots  of  S  and  log  1^  versus  temperature  for  the  P- 
pep tides  separated  on  an  n-octadecylsilica  (C18)  sorbent  with  acetonitrile  as  the 
organic  solvent.  It  can  be  seen  that  the  dependence  of  the  parameters  becomes  more 
complex  as  peptide  length  is  increased.  The  results  correlate  with  die  CD  analysis  of 
these  peptides  in  acetonitrile  and  triflooroethanol  which  indicate  that  a  significant 
degree  of  a-helix  can  be  induced  with  P3  and  P4  in  hydrophobic  environments.  The 
changes  in  the  S  and  log  1^  values  may  thus  correspond  to  the  induction  of  helical 
structure  during  the  interaction  of  these  peptides  with  hydrophobic  ligands.  The 
results  also  demonstrate  that  ligand-induced  effects  can  stabilize  peptide  structure 
depending  on  die  chromatographic  residence  time  and  peptide  length. 

The  chromatographic  band  widths  also  permit  die  kinetics  of  conformational 
interconversions  to  be  investigated  in  terms  of  time -dependent  changes  in  the 
conformation  and  molecular  composition  of  the  hydrophobic  contact  area  established 
between  the  peptide  and  the  chromatographic  ligands  [2].  Additional  information  on 
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v  =  P3.  *  =  P4 

Fig.  2.  The  dependence  of  S  and  log  kg  on  temperature  for  P3  and  F4  separated  on  a  C18 
sorbent. 

the  interactive  dynamics  of  the  P-peptides  was  thus  obtained  from  analysis  of 
bandwidth  dependencies  ova-  the  different  chromatographic  conditions.  For  PI  and 
P2  planar  dependencies  of  bandwidth  woe  observed  which  is  consistent  with  these 
peptides  chromatographing  as  random  coils.  Fen*  P3  and  P4  large  increases  in 
bandwidth  were  observed  at  discrete  temperatures  and  gradient  times  winch  correspond 
to  the  experimental  conditions  at  which  maxima  in  the  S  and  log  k„  values  were 
observed.  These  observations  indicate  that  the  structure  of  these  longer  peptides  was 
undergoing  conformational  transitions  during  the  chromatographic  timescale. 
Furthermore,  these  changes  in  bandwidth  were  seen  at  lower  temperatures  on  the  C4 
sorbent  compared  to  the  Cl 8  sorbent,  demonstrating  that  the  longer  more 
hydrophobic  ligand  acts  to  stabilize  the  secondary  structure. 

These  studies  have  provided  further  insight  into  the  contribution  of  peptide 
secondary  structure  to  peptide  retention  behaviour  and  the  role  of  hydrophobic  forces 
in  foe  stabilization  of  peptide  structures  in  RP-HPLC. 
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Introduction 

Magainin  2,  a  23-amino  acid  cationic  peptide,  was  isolated  by  Zasloff  in  1987 
from  the  skin  of  the  female  African  clawed  frog,  Xenopus  laevis.  This  peptide 
possesses  antimicrobial  activity  against  a  broad  range  of  organisms,  is  relatively 
nonhemolytic  and  has  the  potential  to  form  a  highly  amphiphilic  a-helical 
conformation  with  a  large  hydrophobic  moment  and  an  overall  length  of  about  30  A. 
It  soon  became  clear  that  die  bactericidal  activity  of  magainin  is  associated  with  its 
ability  to  disrupt  bacterial  membranes.  Current  evidence  indicates  that  magainin  may 
form  cation-selective  channels  [1].  Also,  results  from  ,SN  NMR  suggest  that 
magainin  may  lie  parallel  to  the  plane  of  the  bilayer  as  a-helical  rods  at  the 
membrane  surface  [2].  In  contrast,  Williams  et  al.  [3]  found  that  while  magainins 
induce  leakage  of  calcein  and  carboxyfluorescein  from  unilamellar  liposomes,  they  do 
not  readily  penetrate  the  bilayer  surface  subsequent  to  binding,  but  cause  a  disordering 
of  the  fatty  acyl  chains  of  acidic  phospholipids  and,  at  high  pepdde  concentrations, 
can  solubilize  lipid  bilayers.  Based  upon  this  evidence,  these  workers  dispute  the 
channel-forming  theory  and  propose  that  magainins  may  disrupt  membrane  structure 
by  a  mechanism  similar  to  detergents. 

Results  and  Discussion 

FT-IR  spectroscopy  was  used  to  study  lipid  and  peptide  structure.  Using  the 
symmetric  C-H  stretching  band  near  2850  cm-1  to  monitor  the  fluidity  of  the  lipid 
fatty  acyl  chains,  an  ordering  effect  is  observed  in  both  DPPC  and  dipalmitoyl- 
phosphatidylglycerol  (DPPG)  which  is  proportional  to  peptide  concentration.  In  each 
case,  a  shift  in  Tm  is  observed  at  molar  lipid  to  peptide  ratios  below  100:1.  For 
DIVC,  Tm  increases  to  >45°C  at  a  lipid  to  peptide  ratio  of  20:1,  but  does  not  change 
at  higher  levels  of  peptide.  In  contrast,  at  lipid  to  peptide  ratios  below  10:1,  the  Tm 
for  DPPG  decreases  and  the  fatty  acyl  chains  become  more  fluid.  In  order  to  assess 
the  conformation  of  magainin  2  amide  at  a  lipid  to  peptide  ratio  of  20:1,  the 
resolution  of  die  amide  I  band  (after  appropriate  subtraction  using  the  pure  lipid  in 
D20  buffer)  was  enhanced  by  calculating  the  second  derivative.  These  band  shapes 
are  essentially  identical  to  those.obUined  by  Fourier  self-deconvolution.  For  each, 
the  major  component  occurs  near  1650  cm-1  with  a  smaller  component  near  1635 
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cm-1.  The  1650  car1  band  is  generally  attributed  to  a-helical  secondary  structure, 
while  the  1635  cm-1  band  may  indicate  P-sheet  (or  possibly  3io-helix)  structure. 
These  results  are  similar  to  those  reported  by  Jackson  et  al.  [4].  From  these  data, 
several  qualitative  observations  can  be  made.  For  both  DPPC  and  DPPG,  the  peptide 
appears  to  be  predominantly,  but  certainly  not  completely,  a-helical.  Also,  the  ratio 
of  the  1650  to  1635  cm-1  components  increases  when  die  lipid  undergoes  a  phase 
change  from  the  gel  to  liquid  crystal  state,  which  may  indicate  greater  a-helical 
structure  in  a  fluid  lipid  environment.  Further  IR  studies  are  continuing  with 
magainin  2  amide  and  other  more  potent  antimicrobial  peptides. 

We  are  using  a  new  solid-state  NMR  technique  developed  by  Schaefer  and 
coworkers  called  rotational-echo  double-resonance  (REDOR)  [5,  6]  for  the  direct 
measurement  of  dipolar  coupling  between  stable-isotope-labeled  nuclei  in  the  same 
molecule  or  between  labels  in  different  molecules.  From  the  intensity  of  dipolar 
coupling,  interatomic  distances  can  be  estimated.  In  the  experiment  shown  here, 
magainin  2  containing  l5N-labeled  Ala  at  position  9  was  added  at  a  1:5  molar  ratio  to 
DPPG,  which  has  a  phosphorus  atom  in  the  polar  headgroup.  The  experiment  was 
performed  at  -50°C  to  minimize  motional  averaging.  For  the  3,P-containing  lipid 
and  l5N-labeled  peptide,  observable  dipolar  coupling  may  be  expected  if  the  distance 
between  the  two  nuclei  is  less  than  ~5  A.  In  the  REDOR  experiment,  the  31P 
rotational  spin  echoes  may  be  prevented  from  reaching  full  intensity  by  inserting  two 
l5N  n  pulses  per  rotor  period,  with  the  P-N  dipolar  coupling  determining  the  level  of 
dephasing.  The  difference  between  the  l5N-pulsed  3IP  spectrum  and  one  where  no 
,SN  re  pulses  are  applied  measures  the  extent  of  3iP-,sN  coupling,  which  is  inversely 
proportional  to  the  distance  between  these  nuclei.  A  loss  of  intensity  in  the  15N- 
pulsed  3,P  spectrum  would  indicate  that  at  least  some  of  the  l5N-Ala  in  magainin  is 
very  close  to  the  polar  headgroup  of  DPPG.  Althoughlhe  results  of  this  experiment 
showed  no  detectable  dipolar  coupling,  this  does  not  rule  out  the  possibility  that  the 
peptide  resides  at  the  bilayer  surface.  Complications  arise  from  the  possibility  of 
motional  averaging  (even  at  -50°C)  and  the  short  distance  for  which  coupling  can  be 
measured  between  these  two  nuclei.  Another  problem  stems  from  the  excess  of 
DPPG,  since  even  if  most  or  all  of  the  magainin  molecules  were  interacting  with 
DPPG  polar  groups,  only  a  relatively  small  population  of  the  3,P  atoms  in  the  lipids 
might  be  expected  to  be  close  enough  to  l3N-Ala  in  magainin  to  experience  dipolar 
coupling.  If  the  average  interatomic  distance  were  not  substantially  less  than  5  A,  no 
difference  signal  could  be  expected.  Future  REDOR  experiments  will  measure  an 
intramolecular  l3C-l5N  distance  between  amino  acids  separated  by  four  residues  to 
test  for  a-helical  structure  when  the  peptide  is  bound  to  lipid  bilayers. 
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Introduction 

The  lipid-associating  domains  of  the  exchangeable  human  serum 
apolipoproteins  A,  C  and  E  are  purported  to  form  a  series  of  amphipathic  a-helical 
structures.  The  hydrophobic  face  of  the  helix  is  proposed  to  be  in  contact  with  the 
phospholipid  side  chains  in  the  lipoprotein  complex.  The  hydrophilic  face  is  exposed 
to  the  aqueous  phase  and  the  charged  side  chains  may  then  form  associations  with  the 
zwitterionic  phospholipid  headgroups  [1].  Only  the  lipid-bound  protein  is  active 
physiologically,  i.e.  binds  to  receptors  or  activates  enzymes.  To  test  the  amphi¬ 
pathic  helix  motif  we  prepared  two  peptides  which  we  studied  in  complexes  with 
perdeuterated  dodecylphosphocholine  (DPC-dJg)  by  2-dimensional  NMR.  The 
peptides  are:  1)  a  segment  (residues  35-53;  SAKMREWFSETFQKVKEKL)  of  the 
lipid  associating  domain  of  apolipoprotein  C-I,  and  2)  the  lipid  associating  peptide 
LAP-20  (VSSLLSSLKEYWSSLKESFS)  [2].  LAP-20  in  lipid  complexes  was 
found  to  activate  the  enzyme  LCAT  to  approximately  65%  the  extent  that 
apolipoprotein  A-I  (^=28,083)  did.  Both  peptides  are  excellent  amphipathic  helical 
structures  based  on  predictive  methods  and  helical  wheel  projections. 

Resalts  and  Discussion 

NMR  spectra  (400  and  600  MHz)  were  run  at  25°C  (LAP-20)  or  37°C  (C-I 
peptide).  2-Dimensional  DQF-COSY,  TOCSY  and  NOESY  spectra  were  collected  in 
pure  phase  absorption  mode  using  TFPI.  From  the  2D  NMR  spectra  H°-protons 
were  assigned  which  woe  confirmed  by  NOE  connectivities.  H“  secondary  shifts 
(Figure  1)  compare  an  amino  acid  residue  in  an  ordered  structure  and  in  random  coil, 
with  upfield  shifts  characteristic  of  a  helical  conformation  and  down  field  shifts  of  a  P- 
structure  [3, 4]. 

From  Figure  1  LAP-20  was  shown  to  adopt  a  helix  in  DPC-dJg  complexes 
except  for  residues  at  the  C-  and  N-terminal  ends.  C-I  peptide,  winch  is  predicted  to 
be  a  better  amphipathic  helix  that  LAP-20,  appeared  to  adopt  a  two  domain  structure. 
The  C-terminal  end  formed  a  helical  structure  of  about  two  turns,  starting  at  residue 
10.  This  was  confirmed  by  NOE  connectivities.  NOE  cross  peaks  were 

measured  for  approximately  ten  residues  of  C-I  peptide  in  DPC-djg  complexes.  As 
well,  we  found  consecutive  NOE  cross  peaks  of  and  for  residues 

11  through  18.  The  overall  NOESY  cross  peak  patterns  suggested  that  the  C- 
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terminal  end  of  the  peptide  adopted  a  loosened  helix,  which  spanned  about  nine  or  ten 
residues.  A  second  helix  indicated  in  Figure  I,  spanning  residues  7  -  9,  was  not 
supported  by  the  NOE  connectivity  data  winch  indicated  the  N-terminsl  half  of  the 
moiecuie  was  unstructured  in  complexes.  According  to  the  amphipathic  helix  theory, 
the  entire  length  of  such  a  peptide  should  bind  to  lipids. 


Fig.  1.  secondary  shifts  of  peptides  in  lipid  complexes.  Upfield  is  positive. 

The  2D  NMR  results  for  LAP-20  in  DPC-djg  complexes  were  compared  with 
estimates  of  secondary  structure  determined  by  deconvolution  of  CD  and  FTIR 
spectra.  FTIR  of  LAP-20/DPC-d3g  micellar  complexes  were  deconvolved  and 
subjected  to  curve-fitting  with  variable  Gaussian-Lorentzian  band  shapes.  Protein 
secondary  structures  were  determined  from  the  amide  I  region  [5].  Using  CD  spectra 
of  LAP-2Q/DPC-d3g  complexes  peptide  secondary  structures  were  estimated  from  the 
convex  constraint  analysis  (CCA)  deconvolution  method  [6]  and  LINCOMB,  a  least 
squares  fit  to  a  reference  set,  obtained  from  CCA.  Results:  a-helix;  73%  (NMR), 
23%  (IR)  and  65%  (CD);  3-structure  0%  (NMR),  37%  (IR)  and  5%  (CD); 
turn  s/random:  23%  (NMR),  40%  (IR)  and  30%  (CD).  CD  is  supposed  to  over¬ 
estimate  helical  content  but  in  phosphocholine  micellar  complexes  this  does  not 
appear  to  be  the  case.  All  three  techniques  predict  significant  amounts  of  "less 
ordered"  structures  (turns,  random)  which  is  similar  to  what  we  observed  with  C-I 
peptide  in  DPC-d^  by  2D  NMR.  IR  is  supposed  to  overestimate  3-structure.  A 
band  at  1638  cm'1  in  the  IR  spectrum,  -2/3  the  intensity  of  the  a-helical  band,  falls 
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within  the  "normal''  range  for  ^-structure  so  that  appears  to  be  the  case  with  LAP-20 
in  complexes.  Binding  to  lipids  does  not  shift  IR  bands  from  their  normal  range. 

Results  of  using  small  peptides  to  model  apolipoprotein  behavior  have  been 
erratic.  Our  study  indicated  that  some  amphip&thic  regions  of  the  human  serum 
apolipoproteins  may,  in  fact,  serve  a  dual  function.  That  is,  only  part  of  the  segment 
binds  to  the  lipoprotein  surface  which  would  leave  die  remainder,  the  "less  structured" 
part,  available  for  biological  function.  A  number  of  enzymes  have  been  found  where 
the  active  site  is  less  structured  than  the  surrounding  scaffold. 
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Introduction 

In  the  core  of  the  human  immunodeficiency  virus  type  1  (HIV-1),  the  diploid 
genomic  RNA  is  tightly  associated  with  the  72  amino  acid  nucleocapsid  protein 
designated  NCp7  (Figure  1).  This  protein  is  composed  of  two  successive  zinc  finger 
domains  of  the  type  CX^CX^X^C  surrounded  by  basic  rich  sequences.  In  vitro, 
NCp7  activates  viral  RNA  dimerization  and  promotes  annealing  of  the  replication 
primer  tRNAL»*  to  genomic  RNA  [1, 2].  This  annealing  process  is  the  first  step  of 
the  initiation  of  reverse  transcription  and  therefore  is  of  importance  for  the  synthesis 
of  the  provirus. 
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To  investigate  die  interaction  between  tRNA  and  NCp7,  studies  were  performed 
using  commercially  available  tRNA'*'  and  natural  and  synthetic  tRNALy*.  The 
protein-RNA  interaction  was,  monitored  by  the  fluorescence  quenching  of  tryptophan 
residues  found  in  NCp7  and  NCp7  derived  peptides  [3]. 

Preliminary  experiments  were  performed  by  titrating  the  two  separate  zinc 
fingers  with  tRNA"*,  one  of  these  being  ( 1 3-30)NCp7  where  Pbe16  was  replaced  by 
a  Tip  residue.  To  characterize  the  role  of  the  zinc  finger  in  this  interaction,  a  series 
of  NCp7  derived  peptides  was  synthesized:  S1S,  S19,  S21,  S34,  S39,  S49  htxm 
meeUumidsmetkyl-NCp  7  (AcmNCp7)  in  which  the  six  cysteine  residues  cannot 
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bind  the  zinc  and  CCHC  boxes  del*ted-NCp7  (l-72)NCp7  where  the  zinc 
fingers  were  replaced  by  a  glycine-glycine  dipeptide.  Both  peptides  were  compared  to 
native  NCp7.  Moreover,  to  probe  further  the  structural  relevance  of  the  CCHC  box, 
a  third  peptide  C23(13-64)NCp7  was  synthesized  in  which  His23  was  substituted 
by  a  cysteine  residue.  This  modification  has  been  demonstrated  by  NMR 
spectroscopy  to  induce  an  overall  change  of  peptide  conformation  [4],  This  peptide 
was  titrated  with  tRNA  and  compared  with  (13-64)NCp7. 

Results  and  Discussion 

Reverse  titration  was  performed  by  following  the  fluorescent  behavior  of 
tryptophan  residues  of  NCp7  and  NCp7  derived  peptides  during  the  addition  of  small 
aliquots  of  tRNA  to  a  given  peptide  concentration.  Binding  isotherms  were  analyzed 
using  the  McGhee  and  Von  Hippel  [5}  equation  for  non-cooperative  binding. 
Moreover,  the  method  of  Record  et.  ai.  was  used  to  differentiate  the  electrostatic  and 
the  non-electrostatic  forces  which  stabilize  the  complex  [6]. 

Table  1  tRNA  binding  properties  ofNCp7  and  NCp7  derived  peptides 


[NaCl]  (mM) 

K(M-«) 

n 

RNA 

W16(13-30)NCp7 

0 

1.2  (±0.2)  104 

3  (±0.5) 

tRNAPhe 

(34-51)NCp7 

0 

4.5  (±0.5)  103 

2.9  (±0.7) 

tRNAPhe 

NCp7 

100 

2  (±0.2)  106 

7.5  (±0.5) 

Synthetic  tRNALy* 

NCp7 

500 

1.2  (±0.3)  104 

6.5 

Synthetic  tRNALys 

Acm-NCp7 

100 

5.6  (±0.7)  105 

5.6  (±0.5) 

Synthetic  tRNALy“ 

(13-64)NCp7 

100 

1.5  (±0.3)  106 

7.6  (±0.5) 

Synthetic  tRNALyI 

C^B-MlNCp? 

100 

1.5  (±0.4)  10s 

7.5  (±0.3) 

Synthetic  tRNALy* 

Using  the  fluorescent  properties  of  tryptophans,  we  have  monitored  the  binding 
of  tRNAphc  to  the  two  separate  zinc  finger  motifs  of  NCp7.  In  both  peptides,  the 
binding  of  tRNAphe  induced  an  almost  complete  quenching  of  Trp  fluorescence. 
This  phenomenon  suggests  that  the  quenching  corresponds  to  the  stacking  of  the 
indole  moiety  of  Trp  to  tRNAPhe  bases  [7].  This  non-electrostatic  interaction  is 
clearly  the  main  driving  force  stabilizing  the  interaction.  Nevertheless,  increasing 
NaCl  concentrations  led  to  reduction  of  (34-51)NCp7  affinity.  The  affinity  of  (13- 
30W,6)NCp7  for  tRNAPhe  is  three  fold  higher  than  the  (34-51)NCp7  C-tenninal 
domain,  which  we  assume  is  due  to  an  additional  electrostatic  interaction,  probably 
involving  basic  residues  (Lys14  and/or  Arg29)  (Table  1).  Interestingly,  these  amino 
acids  woe  found  to  be  crucial  for  "in  vitro"  annealing  activities  of  NCp7  [2]. 

To  investigate  the  role  of  the  structure  NCp7  [8]  for  die  interaction  with 
tRNA,  a  series  of  peptides  was  synthesized  and  compared  to  native  NCp7  or  to  (13- 
64)NCp7.  This  latter  peptide  is  as  active  as  NCp7  for  the  in  vitro  annealing  of 
tRNA  to  genomic  RNA  [2]. 

The  affinities  of  Acm-NCp7  and  (l-72)NCp7  for  the  tRNA  were  one  and  two 
orders  of  magnitude  less,  respectively,  compared  to  native  NCp7  (Table  1).  These 
results  show  that  the  presence  and  the  folding  of  each  CCHC  box  around  a  zinc  atom 
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is  of  importance  for  the  stable  interaction  of  NCp7  with  tRNA.  To  support  this 
data,  C“(13-64)NCp7  possessing  a  CCCC  box  was  synthesized.  This  peptide  was 
titrated  by  ANA1-]'1  and  the  results  show  a  loss  of  affinity  (one  order  of  magnitude) 
compared  to  (13-64)NGp7  (Table  1).  In  fact,  the  characterization  of  C23(13-64)NCp7 
by  NMR  spectroscopy  showed  that  the  CCCC  box  had  a  different  conformation 
leading  to  a  drastic  modification  of  the  structure  of  the  mutant  peptide  [4]. 

In  conclusion,  the  three  dimensional  structure  of  individual  CCHC  boxes 
induces  a  specific  conformation  of  NCp7,  critical  for  recognition  of  target  RNA  by 
correct  exposition  of  basic  and  aromatic  residues.  Experiments  are  now  currently 
underway  to  extend  these  studies  to  genomic  RNA  and  to  develop  a  test  for  screening 
molecules  aimed  at  inhibiting  tRNA  recognition  by  NCp7. 
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Introduction 

Three-dimensional  structures  of  biologically  active  peptides  are  related  to  their 
biological  function  at  the  molecular  level.  The  precise  3D  structure  of  a  peptide  in 
solution  can  be  determined  using  multidimensional  NMR  techniques  combined  with 
computational  methods,  such  as  constrained  distance  geometry  search  and  molecular 
dynamics  [1,2].  In  our  study  on  the  structure-activity  relationship  (SAR)  of  small 
cyclic  RGD  peptides  as  inhibitors  of  platelet  aggregation,  we  found  that  the 
inhibitory  activity  depends  on  the  ring  size  and  its  adjacent  sequence.  In  this  report, 
we  focus  on  Phe-Pro  sequence  in  small  cyclic  RGD  peptides,  such  as  cyclo[Arg-Gly- 
Asp-Phe-Pro]  and  cyclo[Arg-Gly-Asp-(D)Phe-Pro]. 

Results  and  Discussion 

Protected  linear  peptides  were  prepared  on  solid  support  using  a  commercially 
available  methoxy-alkoxybenzyl  alcohol  resin.  The  cyclization  of  these  linear 
peptides  was  carried  out  using  DPPA  as  the  coupling  reagent  followed  by 
deprotection  with  TFA/thioanisole  [3].  Table  1  summarizes  the  platelet  aggregation 
inhibitory  activity  of  cyclic  RGD  peptides.  The  replacement  of  Phe  with  (D)Phe  in 
the  cyclic  peptides  exerts  a  remarkable  effect  on  the  inhibitory  activity. 

The  NMR  data  show  that  most  of  the  small  cyclic  RGD  peptides  are 
conformationally  rigid  in  water  or  DMSO,  displaying  a  well-defined  geometry  of  the 
RGD  sequence.  Possible  backbone  structures  consistent  with  the  experimental  NOE 
data  were  identified  by  means  of  SYBYL™  S.S  and  6.0  programs  on  a  Silicon 
Graphics  Iris  workstation.  Figure  1  exemplifies  the  possible  solution  structures  of 
cyclo[Arg-Gly-Asp-Phe-Pro]  (I,  IC50  8.8  pM)  and  cyclo[Arg-Gly-Asp-(D)Phe-Pro] 
(II,  ICjo  >200  pM)  on  the  basis  of  2D  NOE  data  acquired  with  a  600  MHz  NMR 
spectrometer.  The  significant  difference  between  these  structures  is  the  spatial 
orientation  of  aspartyl  and  arginyl  side  chains.  In  the  structure  of  1,  the  side  chains 
point  toward  the  outside  of  the  ring  system,  while  these  side  chains  are  perpendicular 
to  the  ring  in  the  structure  II.  The  observed  difference  in  die  conformation  appears  to 
be  responsible  for  the  marked  difference  in  the  inhibitory  activity. 
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Table  1  Platelet  aggregation  inhibitory  activity  of  cyclic  RGD  peptides 


Peptide 

ICjoOiM)* 

Cyclo{Arg-Gly-ABp-Phe] 

12 

Cyclo[Arg-Gly-Asp-Phe-Pro] 

8.8 

Cyclo[Arg-Gly-Asp-(D)Phe-Pro] 

>200 

Cyclo[Arg-Gly-Asp-Phe-Pro-Gly] 

>200 

Cyclo{Arg-Gly-Asp-(£))Phe-Pro-Gly] 

9.2 

Cyclo(Arg-Gly-Asp-Phe-Pro-Ala-Gly] 

3.7 

Cyclo[Arg-Gly-Asp-(D)Phe-Pro-Ala-Gly] 

>200 

Arg-Gly-Asp-Phe 

17 

■Freshly  prepared  platelet-rich  plasma  with  ADP  as  the  initiator  was  employed. 


(I)  (H) 


Fig.  1.  Molecular  model  of  cyclo[Arg-Gly-Asp-Phe-Pro]  (I)  and  cyclo[Arg-Gly-Asp- 
(D)Phe-Pro]  (II). 
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Introduction 

In  1968,  Chandrasekaran  and  Balasubramanian  [1]  concluded  from  energy 
calculations  that  ring  closure  by  a  disulfide  bond  in  an  eight  membered  ring  (R)- 
cysteinyl-(R)-cysteine  dipeptide  is  possible  only  when  the  peptide  amide  bond  adopts 
a  non-planar  cis  conformation.  Since  then  the  cyclic  [(R)-cysteinyl-(R)-cysteinyl] 
structural  motif  (abbreviated  in  this  text  as  Cys=Cys)  has  been  studied  in  solution 
and  observed  to  be  an  equilibrating  mixture  of  conformers,  which  has  been  interpreted 
in  terms  of  amide  bond  conformers  [2]  or  disulfide  bond  retainers  [3],  the  latter  due  to 
a  preferred  dihedral  angle  around  +/-900  with  a  barrier  of  7-14  kcal  mol 1  that  is 
intermediate  between  typical  carbon-carbon  bond  and  amide  bond  barriers.  We  report 
here  the  results  of  spectroscopic  investigations  on  peptides  1-4  that  indicate  the 
preferred  conformation(s)  of  the  Cys=Cys  dyad  in  solution  is/are  determined  by 
several  factors,  including  the  amino  and  carboxyl  substituents. 

N“-Boc-Cys-Cys-OX  H-Phe-Lys-Cys-Cys-Val-NHj 

s-s  s-s 

la,  X  =  Bzl  2 

lb.  Me 

N°-Boc-Ala-Cys~Cys-OBzl  N“-Boc-Cys-Cys-Ala-OBzl 

S-S  S-S 

3  4 

Results  and  Discussion 

Syntheses  of  peptides  1, 3,  and  4  were  carried  out  in  solution,  while  peptide  2 
was  synthesized  manually  on  solid  phase  using  N“-Fmoc  amino  acids  in  a  standard 
protocol.  The  cyclic  peptides  were  obtained  by  simultaneous  deprotection  and 
oxidation  of  the  linear  S-acetamidomethyl-protected  precursors  with  iodine  in 
methanol  (1,3,4)  or  AcOH-H20  (4:1,  v:v;  2)  under  high  dilution  conditions. 

The  conformations  of  peptides  1-4  in  d6-DMSO  were  studied  using  NMR 
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spectroscopy.  Two  sets  of  signals  in  a  85:15  ratio  were  observed  in  the  'H-NMR 
spectra  of  peptide  2.  The  ratio  is  close  to  that  reported  by  Lawrence  et  al.  [2],  but  we 
cannot  assign  our  ratio  to  isomerization  of  the  Cys=Cys  amide  bond  because  the  “H- 
protons  of  both  cysteines  have  identical  chemical  shifts.  Compounds  lb  and  4  exist 
in  dg-DMSO  as  a  mixture  of  several  conformations,  which  interconvert  slowly  on  the 
NMR  time  scale  These  complex  NMR  data  suggest  that  simultaneous  isomerization 
of  the  amide  and  disulfide  bonds  occurs  for  these  two  peptides.  If  this  is  the  case,  the 
four  possible  conformations:  trans/M;  trans/P;  cis/M;  and  cis/P  would  be  present  in 
solution.  The  'H-NMR  spectra  of  peptides  la  and  3  were  found  to  contain  only  one 
set  of  signals,  which  can  be  due  to  the  presence  of  a  predominant  conformation  or  to 
an  averaged  conformation  on  the  NMR  time  scale  as  a  result  of  a  rapid  equilibrium 
between  several  conformations.  We  used  high-field  2D-NMR  spectroscopy  to 
determine  the  conformation  of  the  Cys=Cys  amide  bond  of  la  and  3.  A  cis  peptide 
amide  bond  is  characterized  by  the  spatial  proximity  between  aH(i)-“H(i+l),  and 
NH(i)-“H(i+l).  Analysis  of  the  2D-ROESY  spectra  (^=200  ms)  revealed  a  short 
distance  between  the  NH  of  Cys*  and  the  NH  of  Cysi+I,  which  is  characteristic  of  a 
trans  amide  bond.  No  cross-peaks  were  observed  between  “H  Cys'A'H  Cysi+I  or  NH 
Cys'/“H  Cys'+I. 

To  further  determine  the  conformation  of  peptide  la  in  solution,  we  carried  out 
circular  dichroism  (CD)  studies  and  molecular  mechanics  calculations.  The  CD 
spectrum  of  peptide  la  in  TFE  showed  a  weak  positive  band  near  225  nm  and  a  weak 
negative  band  close  to  202  nm.  The  CD  data  agree  with  the  NMR  experiments  in 
indicating  a  fairly  rigid  structure.  This  can  be  seen  by  the  insensitivity  of  the  spectra 
to  temperature  variation  from  278  to  328K.  The  spectrum  showed  a  broad  CD 
negative  n  to  a*  band  with  a  maximum  at  265  nm.  Following  the  quadrant  rule  [4], 
a  negative  long-wavelength  CD  band  can  be  ascribed  to  a  right-handed  disulfide  with 
transoid  conformation  or  to  a  left-handed  disulfide  with  a  cisoid  conformation. 

Systematic  conformational  search  on  peptide  la  was  performed  with  the 
SYBYL  program  on  an  Indigo  system  (Silicon  Graphics).  The  sulfur-sulfur  bond 
was  "opened",  allowing  the  other  bonds  within  the  ring  to  rotate.  The  permitted 
variation  in  the  distance  between  the  ring  closure  atoms  was  0.2  A,  and  the  permitted 
variation  in  the  valence  angles  about  the  ring  closure  atoms  was  10°.  Two  starting 
conformations  were  used,  which  included  a  cis  and  a  distorted  trans  amide  bond. 
Energy  minimizations  were  performed  using  the  Powell  method  until  the  energy 
difference  between  successive  iterations  differed  by  less  than  0.05  kcal/mol.  Ten 
conformations  were  found  within  8  kcal/mol  of  the  global  minimum  conformation 
(Table  1).  Among  them,  b-c  and  e-j  possess  a  distorted  trans  amide  bond  while  a 
and  d  adopt  a  non-planar  cis  conformation.  A  disulfide  bond  of  P-helical 
conformation  is  observed  in  a,  c,  f,  and  j,  while  the  remainder  present  an  M-helical 
disulfide  conformation.  Trans  conformation  c  is  in  agreement  with  the  network  of 
ROEs  observed  in  d6-DMSO,  and  with  the  negative  CD  band  of  the  first  n  to  a* 
disulfide  bond  transition.  A  similar  distorted  trans  amide  bond  has  been  reported  in 
the  eight-membered  ring  cyclic  disulfide  compounds,  (4R>-hexahydro-7,7-dimethyl-6- 
oxo-l,2,5-dithiazocine-4-carboxylic  acid,  and  phenylacetyl-L-cysteinyl-D-penicill- 
amine  cyclic  disulfide  methyl  ester  [5].  From  these  publications  and  the  results 
reported  here,  we  conclude  that  rigid  conformations  containing  only  non-planar  cis 
amide  bonds  cannot  be  assumed  for  the  Cys=Cys  structural  motif  when  designing 
conformationally  restricted  peptides.  The  low  barriers  to  cisltrans  isomerization  of 
the  amide  bond  and  to  disulfide  interconversion  will  depend  on  the  sequence  of  the 
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entire  peptide.  Our  results  are  consistent  with  previous  reports  [5]  except  that 
cis/trans  interconversion  is  not  determined  only  by  the  stereochemistry  of  the 
cysteinyl-derived  residues. 


Table  1  Amide  bond  torsion  angles  for  low  energy  conformations  of  cyclo 
(cysteinyl-cysteinyl)  derivatives 


Conformations 

<0 

X 

Energy 

(kcalAnol) 

a 

3.0 

103.7 

12.16 

b 

157.4 

-96.0 

12.50 

c 

-157.7 

96.4 

12.74 

d 

-3.7 

-  103.4 

12.97 

e 

-  158.8 

-  112.7 

15.18 

f 

150.9 

83.6 

18.04 

g 

-  150.4 

-  100.0 

19.66 

h 

-  146.7 

-72.6 

19.88 

i 

149.8 

-  100.8 

19.98 

j 

-149.5 

97.1 

20.20 
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Introduction 

Aggregation  of  IgE  complexed  IgE  receptors  by  multivalent  antigens  triggers  a 
host  of  complex  cellular  reactions  [1]  which  result  in  the  clinical  symptoms  of 
allergy.  Blank  and  co-workers  [2]  proposed  the  topographical  model  shown  on  the 
next  page  wherein  a  functional  receptor  molecule  is  thought  to  be  an  af)Y2  tetramer 
with  each  subunit  containing  extracellular,  transmembrane  and  cytoplasmic  domains. 

We  have  synthesized  peptides  corresponding  to  portions  of  receptor  subunits  and 
investigated  their  conformation  using  a  variety  of  spectroscopic  techniques.  The 
conformational  information  obtained  for  the  individual  domain  peptides  should  shed 
light  on  the  conformation  of  the  receptor  as  a  whole.  Perturbation  circular  dichroism 
(CD)  and  Fourier  transform  infrared  (FUR)  have  been  used  in  combination  to  assess 
the  main  conformational  components  for  the  peptide  corresponding  to  amino  acids 
200-222  of  the  alpha  subunit  (IERAC23).  Preliminary  data  has  also  been  obtained 
for  the  peptide  corresponding  to  residues  198-243  of  the  beta  subunit  (IERBC46)  and 
a  peptide  corresponding  to  residues  69-106  of  the  alpha  subunit  (DERAE38). 
IERAC23  corresponds  to  the  C-terminal  cytoplasmic  domain  of  the  alpha  subunit. 
IERBC46  corresponds  to  the  C-terminal  cytoplasmic  domain  of  the  beta  subunit  and 
IERAE38  to  an  extracellular  portion  of  the  alpha  subunit 

Both  cytoplasmic  domain  peptides  exhibited  CD  spectra  which  were  dominated 
by  helical  conformers  in  nonpolar  solvents  and  which  were  characteristic  of  classic 
'random  coil'  in  aqueous  media.  Solvent  titrations  between  nonpolar  and  polar 
solvents  typically  resulted  in  the  disappearance  of  helical  conformers. 

The  reduced  intensities  of  the  bands  compared  to  those  of  polypeptides  adopting 
a  single  conformation  [3]  together  with  nonlinear  plots,  at  single  wavelength  in  the 
spectrum  indicated  that  both  domain  peptides  adopted  more  than  one  conformation  in 
all  solvents  screened. 

For  IERAC23  in  water  higher  salt  concentrations,  pH  and  temperature  favoured 
a  small  (<6%)  helical  component  whilst  lower  temperatures  favoured  a  conformer 
characterized  by  a  weak  positive  band  around  215  nm  and  a  stronger  negative  band  in 
the  region  of  195  nm.  In  ethanediol/water  mixtures  both  of  these  conformers 
appeared  to  be  stabilized  relative  to  a  third  at  lower  temperatures  as  indicated  by  the 
constant  ratio  of  the  222  and  205  nm  bands.  Both  wavelength  analysis  and  the  low 
intensity  bands  indicated  that  more  than  one  conformer  was  present  at  low 
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temperatures  in  67%  ethanediol/water. 

Single  bands  were  seen  in  the  Amide  I*  region  of  FTIR  spectra  during  a 
methanol/water  solvent  perturbation  study  of  1  mM  IERAC23.  The  FTIR  results 
identified  p  turn  conformers  which  had  not  been  characterized  directly  by  CD  and 
indicated  that  three  main  conformers  were  present  (turns,  helix  and  extended  structure) 
whose  relative  populations  depended  on  solvent.  CD  spectra  of  IERAC23  obtained 
in  the  same  solvent  mixtures  as  the  FTIR  spectra  were  then  simulated  using  weighted 
sums  of  reference  spectra  corresponding  to  the  components  identified  by  FTIR. 
Woody's  theoretical  P  turn  spectra  [4]  were  used  as  reference  spectra  for  p  turns.  The 
reference  spectrum  used  for  helix  was  poly-L-lysine  in  67%  ethanediol/water  at  pH 
11.  Poly-L-lysine  in  67%  ethanediol/water  at  -80°C  was  used  as  the  reference 
spectrum  for  extended  structure  of  all  types  [5]. 

Table  1  Summary  of  spectral  parameters  of  the  Amide  /'  band  obtained  during  a 
methanol/water  titration 


Methanol  A,„,../cnr1 

W  cm'1 

Deconvolution  Bands 

*  (^integrated  intensity  ^ 

90 

1653 

33 

1667 

1655 

1638 

1627 

(0.16) 

(0.53) 

(0.16) 

(0.15) 

80 

1653 

43 

1669 

1650 

1640 

1632 

(0.18) 

(0.49) 

(0.20) 

(0.13) 

75 

1650 

45 

1673 

1651 

1633 

(0.24) 

(0.53) 

(0.23) 

50 

1651 

37 

1672 

1651 

1633 

(0.21) 

(0.55) 

(0.24) 

25 

1648 

40 

1670 

1657 

1644 

1632 

(0.2) 

(0.27) 

(0.34) 

(0.19) 

0 

1643 

42 

1666 

1643 

(0.3) 

(0.73) 

The  CD  and  FTIR  results  for  IERAC23  were  consistent  with  three  major 
conformational  components,  helical,  P  turn  and  extended.  The  stability  of  each  was 
dependent  on  die  mode  of  perturbation.  The  data  obtained  for  IERBC46  suggested 
similar  conformational  preferences  but  these  were  not  reflected  by  the 
extracytoplasmic  peptide,  IERAE38.  The  techniques  employed  could  not  distinguish 
between  three  conformers  on  one  molecule  or  three  interconverting  molecules.  'H 
NMR  studies  of  DERAC23  indicated  that  whilst  some  segments  of  IERAC23  existed 
in  discrete  conformers,  conformational  averaging  occurred  in  other  segments  [6]. 
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Introduction 

Several  EGF-like  domains  are  known  to  exhibit  calcium  binding,  including  the 
N-terminal  EGF-like  domains  of  blood  coagulation  factors  EX  and  X.  The  solution 
structure  of  the  calcium-loaded  N-terminal  EGF-like  domain  of  bovine  factor  X  (45- 
86)  (FX-EGFn)  was  reported  recently  [1].  Based  on  this  structure,  calcium  ligands 
were  identified.  In  this  work  a  complementary  effort  is  made  to  identify  residues 
involved  in  the  calcium  binding  by  human  factor  IX  (46-87)  (FIX-EGFn).  pH 
titrations  were  performed  in  the  presence  and  absence  of  calcium,  monitored  using 
2D-NMR  techniques.  The  calcium  dependence  of  the  chemical  shifts  in  these 
titration  curves  are  useful  to  diagnose  which  residues  are  involved  in  calcium 
ligation.  For  example,  the  aspartic  ^-protons  report  sidechain  calcium  binding,  while 
the  amide  proton  chemical  shift  of  the  Nth  amino  acid  is  useful  to  diagnose  backbone 
carbonyl  binding  to  calcium  in  the  (N-l)  amino  acid.  Apparent  differences  in  calcium 
binding  between  FIX-EGFn  and  FX-EGFn  will  be  discussed. 

Results  and  Discussion 

The  2D-NMR  spectra  of  synthetic  human  factor  IX  (45-87)  were  acquired  in 
H20,  D20  in  unbuffered  solution  at  various  pH  values.  Spectra  were  acquired  at  a 
range  of  proton  frequencies,  including  400  MHz  (JEOL),  500  MHz  (Varian),  and  600 
MHz  (Bruker).  Spectra  of  the  calcium  loaded  protein  were  acquired  in  a  solution 
containing  20mM  CaCl2.  The  2D-NMR  data  were  processed  using  a  VAX  station 
3100  or  IBM  RS6000  computer  with  the  FTNMR  or  FELIX  programs  (Hare 
Research).  In  the  following  discussion,  a  sequential  amino  acid  numbering  system  of 
1  to  43  will  be  used  for  human  factor  IX  (45-87).  For  purposes  of  comparison,  a 
numbering  of  2  to  43  will  be  used  for  bovine  factor  X  (45-86)  to  align  the 
homologous  peptide  sequences  in  the  two  peptides. 

FIX-EGFn  has  two  anti-parallel  beta  sheets  between  residues  16-20,  25-29  and 
32-34, 40-42  [2, 3].  There  are  beta  turns  at  residues  21-24  and  35-39.  In  general,  the 
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chemical  shifts  of  the  residues  for  both  the  calcium-loaded  and  sqpo  forms  are  very 
similar  at  pH  4.2,  suggesting  that  little  or  no  calcium  binding  occurs  at  this  pH,  as 
expected.  Even  at  higher  pH  foe  chemical  shifts  of  most  residues  are  nearly  calcium 
independent,  suggesting  that  the  conformation  of  the  peptide  does  not  change 
significantly  as  a  result  of  calcium  binding. 

Amide  protons  of  all  the  residues  except  Tyr-1,  Pro-11,  and  Pro-30  were 
detected  for  both  Ca2+  and  apo  forms  at  a  range  of  pH  values.  At  pH  3.8,  where 
calcium  binding  is  expected,  significant  calcium  dependence  of  the  chemical  shift  is 
observed  for  the  amide  protons  of  Asp-3  and  Cys-7,  and  to  a  lesser  extent,  for  those 
of  Gln-6  and  Asp-21.  The  chemical  shifts  of  the  beta  protons  of  Asp-3  show  some 
calcium  dependence,  while  effectively  none  is  observed  for  the  gamma  protons  of 
Gln-6  or  the  beta  protons  of  Asp-3,  Asp- 20,  and  Asp-21. 

In  FX-EGFn  calcium  was  found  to  be  coordinated  [1]  by  foe  two  backbone 
carbonyls  of  Gly-4  and  Gly-21,  and  the  sidechains  of  Gln-6,  p-hydroxyaspartic  acid- 
20,  and  possibly  Asp-3. 

Our  data  are  consistent  with  backbone  carbonyl  coordination  to  calcium  by  Gly- 
4  in  FIX-EGFn.  However,  the  chemical  shift  of  the  amide  proton  of  Asp-21  is 
calcium  dependent,  while  that  of  Ile-22  is  not,  suggesting  that  the  backbone  carbonyl 
of  Asp-20  rather  than  Asp-21  binds  calcium  in  FIX-EGFn.  The  chemical  shifts  of 
the  beta  protons  of  both  Asp-20  and  Asp-21  are  calcium  independent,  suggesting  that 
there  is  no  sidechain  involvement  by  either  aspartic  acid.  Further,  foe  calcium 
independence  of  the  Gln-6  gamma  proton  chemical  shifts,  in  concert  with  the  calcium 
dependence  of  the  Cys-7  amide  proton  chemical  shift,  strongly  indicates  that  Gln-6 
binds  calcium  by  its  carbonyl  backbone  oxygen  rather  than  its  sidechain  in  FIX- 
EGFn.  No  evidence  was  found  for  calcium  coordination  by  Asp-3.  Thus,  based  on 
this  NMR  data,  it  appears  likely  that  factor  X  and  factor  IX  bind  calcium  in 
somewhat  different  motifs. 
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Introduction 

Ion  channels  are  integral  membrane  proteins  which  catalyze  the  ion  fluxes 
across  biological  membranes.  In  recent  years  many  advances  have  been  made  towards 
our  understanding  of  these  proteins  through  the  combined  application  of 
electrophysiological  and  molecular  biological  techniques.  However,  as  with  other 
membrane  proteins,  very  little  is  known  about  the  structure  of  ion-channel  proteins 
and  there  are  no  high  resolution  X-ray  structures  available.  The  various  problems 
that  limit  the  application  of  X-ray  crystallography  and  NMR  spectroscopy  to  the 
study  of  membrane  proteins  also  apply  to  ion-channel  proteins.  In  addition,  voltage¬ 
gated  ion-channel  proteins  are  not  available  in  sufficient  quantities  for  structural 
analysis.  In  the  light  of  these  problems,  one  approach  which  seems  particularly 
promising  for  structural  studies  of  ion-channel  proteins  is  the  use  of  synthetic 
polypeptides.  This  is  possible  as  genes  have  been  cloned  for  a  number  of  ion 
channels  and  these  have  been  useful  for  identification  of  local  regions  of  the  protein 
sequence  that  are  involved  in  different  channel  properties  such  as  voltage  dependence 
of  gating,  ion  selectivity  etc.  [1-4].  Hence,  these  functionally  important 
domains/motifs  can  be  chemically  synthesized  and  their  structure  and  function 
characterized  by  spectroscopic  and  electrophysiological  techniques.  We  are  using  this 
strategy  for  the  study  of  voltage-gated  potassium  channels  in  an  attempt  to  gain  an 
understanding  of  the  structural  organization  of  this  protein  in  biological  membranes. 
Here,  our  recent  study  on  the  ion-selective  pore  of  the  Drosophila  Shaker  potassium 
channel  is  described. 

Results  and  Discussion 

Voltage-gated  potassium  channels  are  tetrameric  membrane  proteins  [1-4]  with 
intracellular  N-  and  C-termini,  and  six  predicted  trans membrane  a-helices  (called  SI, 
S2,  S3,  S4,  SS  and  S6).  Recently,  a  hydrophobic  region  between  S5  and  S6  has 
been  identified  (called  HS  or  SS1-SS2)  as  the  pore  forming  region  of  the  potassium 
channel  [1-3].  We  have  synthesized  a  peptide  corresponding  to  the  pore  region 
(residues  431-449  of  the  Drosophila  shaker  voltage-gated  potassium  channel  [4]). 
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Tbe  amino  acid  tequeace  of  the  HS  peptide  synthesized  is  as  follows: 


CHjCO-DAFWWAWTMTTVGYGDMT-CONHj 


1800  1750  1700  1650  1600 

WAVENUMBER  (CM’1) 


Fig.  I.  FTIR  second-derivative  spectrum  of  the  H5  peptide  in  LPC  micelles  in  2H20  buffer 
at  30  °C.  The  amide  I  maximum  at  1650cm'1  indicates  the  presence  of  a-helical  structure 
15].  The  bands  at  1734cm'1  and  1729cm'1  are  due  to  the  C=0  vibration  of  the  lipid  ester 
groups. 
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It  is  suggested  that  four  H5  regions  make  up  the  channel  ion-selective  pore, 
hence  a  tetrameric  version  of  this  sequence  was  also  synthesized  by  linking  together 
four  H5  peptides  via  a  lysine  core.  The  H5  peptides  were  synthesized  using  an 
automated  peptide  synthesizer  and  were  purified  on  a  reverse-phase  HPLC  column. 
Further  characterization  of  the  peptides  were  carried  out  by  amino  acid  analysis  and 
the  correct  molecular  weight  was  confirmed  by  mass  spectrometry.  Spectra  of  both 
peptides  were  recorded  for  samples  in  ly  so  phosphatidylcholine  (LPC)  micelles  and  in 
dimyristoylphosphatidylcholine  bilayers  using  a  Perkin-Elmer  1750  FTIR  spectro¬ 
meter  [5]. 

Figure  1  shows  the  second-derivative  spectrum  of  the  H5  peptide  in  LPC 
micelles.  The  amide  I  maximum  is  centered  at  1650cm'1.  This  band  frequency  is 
consistent  with  the  presence  of  a-helical  structure  [5].  Similar  results  were  obtained 
for  the  tetrameric  form  of  the  H5  peptide.  As  can  be  seen  from  the  FTIR  spectrum 
presented  in  Figure  1,  there  are  no  bands  in  the  region  1630- 1640cm'1  to  indicate  the 
presence  of  any  P-sheet  structure.  This  result  differs  from  the  suggestion  that  the  H5 
segment  forms  a  6-hairpin  type  structure  within  the  membrane  [1-3],  It  is  possible 
that  the  H5  peptide  forms  an  a-helical  structure  as  an  isolated  peptide  but  forms  a  13- 
hairpin  structure  when  part  of  the  total  protein  structure.  Nevertheless,  it  is  clear 
from  our  study  that  the  sequence  of  amino  acids  that  line  the  ion-selective  pore  of  the 
potassium  channel  show  a  high  propensity  to  form  an  a-helical  structure  in  a  lipid 
environment  If  the  H5  segment  is  indeed  located  in  a  hydrophobic  region  within  the 
native  channel  protein,  surrounded  either  by  the  lipid  hydrocarbon  chains  or  by  the 
hydrophobic  side  chains  of  the  transmembrane  helices,  then  our  experimental  results 
indicate  that  it  may  adopt  such  an  a-helical  conformation. 

This  study  provides  the  first  experimental  evidence  for  an  a-helical  structure  for 
the  sequence  corresponding  to  the  ion-selective  pore  of  the  voltage-gated  potassium 
channels.  Further  studies  are  in  progress  in  order  to  determine  the  structure  of 
synthetic  peptides  corresponding  to  the  predicted  transmembrane  helices  (S1-S6)  of 
this  channel  protein.  These  studies  are  aimed  towards  providing  information  on  the 
structural  arrangement  of  the  channel  protein  in  the  lipid  membrane. 
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Introduction 

It  has  been  demonstrated  that  the  inclusion  of  one  or  very  few  a-amino- 
isobutyric  (Aib)  residues  restricts  linear  peptides  to  helical  conformations  almost 
exclusively  [1,4]-  Crystal  structure  analyses  of  numerous  peptides  containing  the 
Aib  residue  have  shown  that  short  peptides  form  a  310-helix,  while  longer  peptides 
(generally  10  or  more  residues)  form  an  a-helix  [3,  4].  By  comparison,  there  is 
considerably  less  structural  information  about  the  conformational  preferences  for 
disubstituted  glycine  residues  when  the  side  chains  are  longer  than  methyl,  that  is, 
diethyl  glycine  (Deg),  dipropyl  glycine  (Dpg)  and  dibutyl  glycine  (Dbg).  Currently 
available  structural  data,  concerning  a  number  of  peptides  with  S  or  fewer  repeating 
Deg  or  Dpg  residues,  show  fully  extended  backbones  with  C5  type  hydrogen  bonding 
[3].  The  potential  usefulness  of  dialkyl  glycine  residues  for  constraining 
conformation  in  the  synthesis  of  enzyme-resistant  agonists  and  antagonists  prompted 
us  to  synthesize  and  examine  by  x-ray  diffraction  the  structures  of  peptides  with 
various  lengths  containing  a  single  Dpg  or  Dbg  residue.  Our  First  structural  results 
on  three  peptides  show  that  Dpg  and  Dbg  have  a  strong  propensity  for  helix 
formation. 

Results  and  Discussion 

Crystal  structure  analyses  by  x-ray  diffraction  have  been  completed  for  the 
following  penta-  to  decapeptides: 

I.  Boc-Leu-Dbg-Val-Ala-Leu-OMe 

II.  Boc-Leu-Dpg-Leu-Ala-Leu-Aib-  OMe 

III.  Boc-Aib-  Ala-  Leu-Ala-Leu-Dpg-Leu-Ala-Leu-Aib-OMe 
Each  peptide  is  composed  of  at  least  40%  Leu  residues  and  each  peptide  has  one  Dpg 
or  Dbg  residue  within  the  body  of  the  sequence.  Peptide  I  does  not  have  any  Aib 
residues.  The  backbones  in  peptides  I  and  II  form  3|Q-helices  with  fully  extended  side 
chains,  while  the  longer  backbone  in  HI  forms  an  a-helix  with  six  5  -»  1  hydrogen 
bonds  and  fully  extended  side  chains.  The  conformation  of  peptide  in  is  shown  in 
Figure  1.  The  average  values  for  the  torsional  angles  0  and  y  in  residues  1-8  are 
-61°±2°  and  -39°±6°,  respectively.  The  only  distortion  in  the  a-heiix  occurs  at  the 
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penultimate  residue  Leu®  where  9  and  tp  values  are  -110°  and  +1°.  The  Dpg6  residue 
does  not  cause  any  distortion. 


Fig.  1.  The  a-helical  conformation  for  Boc-Aib-Ala-Leu-Ala-Leu-Dpg-Leu-Ala-Leu-Aib- 
OMe  found  in  the  crystalline  slate  by  x-ray  diffraction.  The  Dpg  residue  with  two  prolyl 
side-chains  is  shown  with  black  spheres.  Aib  residues  at  both  ends  of  the  peptides  are 
shown  with  striped  spheres.  The  dashed  lines  represent  NH*^OC  hydrogen  bonds. 

These  experiments  show  that  the  introduction  of  a  single  Ca’a-di alkyl  residue 
into  a  sequence  of  5-10  residues,  with  or  without  additional  Aib  residues,  results  in 
folding  the  backbone  into  a  3I0-  or  o-belix;  in  contrast  to  earlier  experiments  with 
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shorter  sequences  [6]  and  with  multiple  Deg  residues  in  which  the  backbones  woe 
found  to  be  fully  extended  [5].  Further,  the  bulkiness  of  two  propyl  or  butyl  chains 
substituted  on  C°  atoms  is  accommodated  very  well  without  distorting  a  helical 
backbone  whether  the  bulky  residues  are  incorporated  near  an  end  or  in  the  middle  of  a 
sequence. 
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Introduction 

For  some  time  there  has  been  speculation  that  high  affinity  peptide  bradykinin 
receptor  antagonists  adopt  C-terminal  p-tums  [1-3].  To  study  this  proposal,  we 
prepared  three  tetrapep tides,  each  corresponding  to  the  four  C-terminal  amino  acids  of 
the  three  most  potent,  second  generation  antagonists  yet  reported  [3-5].  The  specific 
tetrapeptides  are  (I)  Ser-D-Phe-Oic-Arg,  (II)  Ser-D-Tic-Oic-Arg,  and  (HI)  Ser-D- 
Hype(trans  propyl)-C)ic-Arg. 

Results  and  Discussion 

Conformational  searches  performed  on  models  corresponding  to  each  tetra- 
peptide  led  to  the  discovery  of  local  energy  minima,  from  which  representative 
structures  were  compared  with  those  determined  via  distance  geometry/simulated 
annealing  calculations  which  incorporated  NMR  distance  constraints  determined  at 
600  MHz  in  aqueous  solution  at  neutral  pH.  Excellent  correlation  between  the 
calculated  and  experimentally  determined  structures  was  observed  (Figure  1).  The 
predominant  conformation  observed  for  each  tetrapeptide  contained  a  1  -  4  hydrogen 
bond,  characteristic  of  [J-tum  geometry.  The  amide  proton  chemical  shift  of  Arg4  in 
each  tetrapeptide  was  independent  of  varying  pH  (~  4.4  to  -  7.7)  further  confirming 
the  involvement  of  that  proton  in  a  hydrogen  bond.  Thirty  minimum  penalty  NMR- 
derived  structures  corresponding  to  the  three  tetrapeptides  are  shown  in  Figure  2. 

Overall,  the  methods  of  NMR  and  computational  chemistry  independently 
produced  similar  conformations  for  each  of  these  peptides.  Taken  together,  the  data 
supports  the  hypothesis  that  high  affinity  bradykinin  receptor  antagonists  adopt  a  C- 
terminal  [J-tum. 
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Psi  1  (Degrees) 


Psi  1  (Degrees) 


Fig.  1.  Lowest  5  kcal  mol'1  of  the  calculated  overall  potential  energy  surface  for  (a)  model 
I,  (b)  model  II,  and  ( c )  model  III.  The  contour  interval  is  0.5  kcal  mot,  and  for  each  the 
highest  (outermost)  and  lowest  contour  energy  values  are  labeled.  Superimposed  on  the 
contour  plots  are  values  for  Yi+l  ane^  ¥i*2  from  each  of  the  30  structures  generated  from 
the  NMR  data  for  (a)  peptide  I,  (b)  peptide  II,  and  (c)  peptide  III. 
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Fig.  2.  Stereoviews  showing  the  30  best-fit  superpositions  of  C,  Cat,  and  N  atoms  of 
residues  2  and  3  of  (a)  tetrapeptide  l,  (b)  tetrapeptide  II,  and  (c)  tetrapeptide  HI.  All 
structures  were  generated  via  distance  geometry/simulated  annealing  with  NOE  constraints 
incorporated. 
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Introduction 

Among  the  hallmark  neuropathological  lesions  of  Alzheimer's  disease  are  the 
intracellular  neurofibrillary  tangles  (NFTs).  Tangles  represent  dense  accumulations 
of  ultrastructurally  distinct  paired  helical  filaments  (PHFs),  characterized  by  P-pleated 
sheets  at  the  molecular  level.  The  major  constituent  of  PHF,  the  low  molecular 
weight  microtubule-associated  protein  X  is,  however,  a  highly  elastic  molecule  in  the 
healthy  brain.  X  appears  to  be  abnormally  hyperphosphorylated  in  PHF  [1],  We 
studied  the  conformation  of  synthetic  mid-sized  peptides  corresponding  to  various 
regions  of  t  in  order  to  understand  how  the  normal  protein  folds  into  the  P-pleated 
sheets  as  a  consequence  of  phosphorylation  of  certain  serine  residues. 

Results  and  Discussion 

Table  1  lists  the  synthetic  peptides  and  phosphopeptides,  their  location  in  x, 
and  the  conformation  of  the  protein  fragments  as  detected  by  circular  dichroism  (CD) 
and  computer-assisted  molecular  modelling  techniques.  The  selection  of  the  peptide 
panel  is  explained  as  follows:  T1NM  is  the  minimal  epitope  for  monoclonal 
antibody  (mAb)  Tau-1  [2],  which  recognizes  x  in  normal  human  x,  but  not  x  in 
PHF.  The  recognition  pattern  of  one  of  the  most  commonly  used  PHF-specific 
mAbs,  AT8,  was  reported  to  be  complementary  with  Tau- 1 .  T3P  is  the  epitope  of 
the  other  preferred  anti-PHF  mAb,  PHF-1  [3].  PHF-1  does  not  cross-react  with 
peptide  T3.  In  vitro  phosphorylation  of  Ser416  of  x  by  the  Ca2+/calmodulin- 
dependent  kinase  (camk)  makes  the  protein  long  and  stiff.  mAb  Tau-2  was  raised 
against  bovine  x,  was  reported  to  recognize  a  conformational  epitope  [4],  and  stained 
X  was  found  in  NFTs,  but  not  normal  human  x.  As  seen  in  Figure  1A,  the  three 
non-phosphoryiated  human  sequences  (which  are  not  involved  in  PHF),  and  the 
human  analog  of  Tau  2BS  (Tau  2H),  assume  different  types  of  P-turns  or  a-heiices. 
Secondary  structural  prediction  proposes  the  presence  of  p-pleated  sheets  in  T3  and 
Ac-PRH-camk,  but  this  extended  structure  becomes  apparent  only  after 
phosphorylation  (Figure  IB).  Ac-PRH-camkPh  is  entirely  in  P-pleated  sheets  in 
trifluoroethanol  CITE),  and  the  weak  shoulder  of  T3P  at  220  nm  in  TFE  indicates  the 
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Fig.  I.  CD  spectra  of  synthetic  x  fragments.  The  peptides  and  the  used  solvents  are  as 
follows:  Panel  A:  curve  a  (continuous  line)  is  T1NM  in  75 %  aqueous  TFE;  curve  b  (dotted 
line )  isT3  in  TFE;  curve  c  (dashes)  is  Ac-PRH<amk  in  TFE;  curve  d  (dots  and  dashes)  is  Tau 
2BSPh  in  TFE;  curve  e  (dots  and  dashes)  is  Tau  2H  in  TFE.  Panel  B:  curve  a  (continuous 
line)  is  T1NM  202P  in  75 %  aqueous  TFE;  curve  b  (dotted  line)  is  T3P  in  TFE;  curve  c 
(dashes)  is  A  c-  PRH-camkPh  in  TFE;  curve  d  (dots  and  dashes)  is  Tau  2BS  in  TFE;  curve  e 
(dotted  line)  is  T3P  in  90%  aqueous  ethanol.  CD  spectra  were  taken  on  a  Jasco  J720 
instrument  at  room  temperature.  Peptide  concentration  was  0.5  mg/mL 
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Table  1  Synthetic  peptide  and  phospkopeptide  fragments  of  x  proteins 


Peptide 

Sequence1 

Origin 

Cross -reacts 
with 

normal  t  PHF-t 

Confor¬ 

mation 

T1NM 

GDRSGYSSPGSPG 

human  192-204 

+ 

_ 

turns 

T1NM  202P 

GDRSGYSSPGS*PG 

. 

+ 

turns 

T3  ' 

GA0VYKSPWSGD 

human  389-402 

+ 

- 

turns 

T3P  - 

GAEIVYKS*PVVSGD 

_ 

+  tum/extended 

Ac-PRH- 

PRHLSNVSSTGSIDMVD 

human  405-421 

? 

? 

tu  m/helix 

camk 

Ac-PRH- 

PRHLSNVSSTGSIDMVD 

? 

? 

extended 

camkPh 

Tau  2BS 

aogdtsnledqaa 

bovine  95-108 

- 

♦ 

extended 

Tau  2BSPti 

AG1GDTS*NLEDQAA 

? 

7 

turns 

Tau2H 

AQGOTPSLEDEAA 

human  10C-  109 

+ 

- 

turns 

1  *  denotes  the  phosphorylated  serine  residues. 


presence  of  the  ^-structure  that  is  fully  manifested  in  ethanol.  T1NM  is  not  predicted 
to  form  ^-pleated  sheets,  and  indeed  remains  in  turns  after  phosphorylation  (T1NM 
202P).  In  contrast,  Tau  2BS  assumes  a  high  percentage  of  extended  structure  before 
phosphorylation,  and  this  can  be  correlated  with  its  immunological  cross-reactivity 
with  NFTs  isolated  from  humans.  Phosphorylation  of  Tau  2BS  (the  phosphopeptide 
is  Tau  2BSPh)  results  in  a  conformation  very  similar  to  the  genuine  human  sequence 
of  this  region,  which  lacks  the  ^-pleated  sheet  structure. 

First,  it  appears  that  the  PHF-like  state  of  t  fragments  prefers,  but  does  not 
necessarily  require,  an  extended  secondary  structure.  Second,  phosphorylation  of  this 
protein  may  overcome  interspecies  conformational  gaps. 
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Introduction 

Substitution  of  alanine  for  glycine  at  position  15  enhances  the  stability  of 
secondary  structure  in  bovine  growth  hormone  releasing  factor  (bGRF)  [1],  Other 
changes  in  peptide  sequence  may  also  stabilize  the  secondary  structure  of  this  peptide. 
This  is  of  interest  since  it  has  been  suggested  that  the  stabilization  of  the  bGRF 
helix  enhances  its  receptor  binding  affinity  [2]. 

Enhancements  in  peptide  helical  stability  are  expected  when  the  amino  acids 
that  have  higher  helix  forming  propensity  are  added  to  the  peptide  chain  [3].  In 
addition,  substitutions  that  enhance  amphiphilicity  when  a  peptide  forms  a  helix  also 
encourage  this  type  of  secondary  structure.  In  this  report,  we  examine  the  effect  of 
leucine  substitutions  at  positions  9  and  18  on  helicity  and  bioactivity. 

Results  and  Discussion 

We  attempted  to  enhance  the  helical  stability  of  bGRF  by  replacing  Ser9  or 
Ser18  with  leucine  residues.  These  substitutions  are  expected  to  enhance  the  helix 
forming  propensity  of  the  primary  structure  and  the  amphiphilicity  of  the  resulting 
helix.  The  helical  content  of  these  peptides  was  determined  by  measuring  their 
circular  dichroic  spectra  in  trifluoroethanol  (TFE)  and  aqueous  buffers.  TFE,  which 
is  well-known  for  its  ability  to  induce  helical  structure,  has  been  shown  recently  to 
provide  a  meaningful  estimate  of  helical  propensity  in  protein  fragments  [4]. 
Circular  dichroism  studies  of  Leu27,  Leu9-27,  Leu18,27,  and  Leu9,18,27  bGRF(l- 
29)NH2  peptides,  as  a  function  of  TFE  concentration,  indicate  that  the  helical  content 
of  these  peptides  decreases  in  the  following  order:  Leu918  27  >  Leu18-27  >  Leu9-27  > 
Leu27  (Table  1).  These  data  are  consistent  with  the  helical  content  of  these  peptides 
(0.5  mg/mL)  in  5  mM  NH4HC03  (pH  7.2).  These  effects  are  more  marked  than  the 
helix  stabilization  that  is  observed  on  replacement  of  Gly13  with  Ala.  The  latter 
peptide  forms  60%  as  much  helix  as  the  leucine  analogs  discussed  above  (data  not 
shown).  2D  'H  NMR  NOESY  spectra  of  the  Leu9  analogs  define  helical  regions 
extending  from  residues  5  to  10,  and,  16  to  27.  These  regions  of  stable  helicity  are 
absent  in  the  Leu27  analog. 

It  has  been  suggested  that  stabilization  of  helical  secondary  structure  in  bGRF 
may  enhance  the  affinity  of  this  hormone  for  the  bGRF  receptor  [2].  This 
suggestion  is  primarily  based,  in  part,  on  bioassay  data  obtained  with  Ala15  analogs 
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of  bGRF.  Since  multicyclic  helical  analogs  of  bGRF  vary  in  their  bioactivity,  the 
benefits  of  stabilizing  secondary  structure  may  be  restricted  to  specific  peptide  regions 
[5].  We  find  that  leucine  substitutions  at  positions  9  and  18  do  not  significantly 
alter  growth  hormone  release  in  steers,  relative  to  Leu27  (Table  1).  Since  these 
structural  modifications  likely  alter  several  processes  in  vivo,  resolution  of  this  issue 
will  likely  require  direct  binding  studies  performed  with  isolated  receptor. 


Table  1  Conformational  and  biological  characteristics  of  Leu9-,  Leu'8-,  and  Leu918- 
bGRF(l-29)NH2  analogs 


|  Compound 

MRE,„nm 

(TFE) 

MRE222mn 

(HjO) 

Relative 
bioactivity  (%)* 

-23,900 

-3,520 

- 

-27,950 

-5,700 

117 

-30,700 

|  |  ’J| 

87 

-38,150 

-16,500 

78 

It  mi.' . — — — 

•Bioactivities  are  expressed  relative  to  the  Leu27  analog.  These  bioactivities  are  not 
statistically  significant. 


In  summary,  substitution  of  leucine  for  Ser9  and  Ser18  of  bGRF  stabilizes  the 
helicity  of  this  peptide.  This  effect  has  been  observed  in  TFE-  and  water-containing 
buffers.  Leucine  substitutions  at  positions  9  and  18  stabilize  bGRF  helicity  more 
than  is  observed  for  the  Gly15— »Ala  substitution.  NMR  data  suggest  that  stable 
helicity  is  induced  in  distinct  peptide  regions. 
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Introduction 

Resonance  Raman  (RR)  spectroscopy  offers  a  powerful  method  of  providing 
structural  and  dynamical  information  on  functioning,  catalytically  active  enzyme- 
substrate  complexes.  Although  the  RR  spectra  of  the  complexes,  e.g.,  dithioacyl¬ 
papain  intermediates,  can  be  recorded  on  a  rapid  time  scale  under  essentially 
physiological  conditions  [1],  interpretation  of  the  RR  data  is  not  always 
unambiguous  [2].  The  intermediates  have  at  least  four  rotationally  permissive  bonds 
about  the  Pi  glycine  linkages  and  the  cysteine-25  side  chain,  defined  by  the  ($',  y') 
and  (Xi,  X2)  torsion  angles,  respectively,  in  the  enzyme's  active  site  [3]. 

RC(=0>^NK9CH2C(=S)S9CHz3Papain 

<J>'  V  X2  Xi 

A  detailed  knowledge  of  these  chemical  bonds  is  essential  for  a  comprehensive 
understanding  of  enzyme  catalysis  at  die  molecular  level.  Recently,  we  derived  a  new 
set  of  structure-spectra  correlations  for  model  compounds  such  as  W-acylglycine  ethyl 
dithioesters,  R-C(=0)NHCH2C(=S)SCH2CH3,  by  combining  X-ray  structural 
parameters  with  resonance  Raman  frequencies  for  single  crystals  of  the  above  ethyl 
dithioesters.  This  provided  a  quantitative  value  for  the  y'  torsion  angle  of  N- 
benzoylglycine  dithioacylpapain  intermediates,  which  is  larger  than  any  y'  torsion 
angle  so  far  observed  for  N-acylglycine  ethyl  dithioesters  f4].  In  this  presentation, 
we  discuss  the  possible  mechanistic  significance  of  the  increase  in  y*  in  the  enzyme's 
active  site. 

Results  and  Discussion 

One  of  the  main  features  revealed  by  X-ray  crystallography  is  that  the  structural 
parameters  in  the  central  -C(*0)NHCH2C(=S)SCH2CH3  skeleton  are  correlated  with 
the  y*  (NC-CS(thiol))  torsion  angle.  The  structural  changes,  involving  bond  lengths 
(e.g.,  NC-CSS),  bond  angles  (e.g.,  N-C-C)  and  torsion  angles  (e.g.,  NC-CS(thiol)), 
arc  mainly  ascribed  to  the  non-bonded  N— S  attractive  interaction  (1,4-interaction). 
At  the  same  time,  RR  bands,  sensitively  reflecting  the  structural  changes,  were  found 
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for  single  crystals  of  the  above  dithioesters.  Thus  we  can  set  up  structure-spectra 
correlations  for  several  selected  Raman  bands  of  the  ethyl  dithioesters.  These 
correlations  allow  us  to  probe  the  conformation  about  the  P,  glycine  linkages  of  N- 
benzoylglycine  dithioacylpapain  to  give  (y\  $')  =  (+15°,  -105°).  Importantly,  the 
estimated  value  of  +15°  for  y'  in  the  acylenzyme  is  very  different  from  those  of  the 
corresponding  model  compounds,  M-benzoylglycine  ethyl  dithioesters,  and  is  outside 
the  y'  torsion  angle  range  so  far  observed  for  M-acylglycine  ethyl  dithioesters.  In  all 
likelihood,  enzyme-substrate  contacts,  e.g.,  hydrogen  bonding  and  hydrophobic 
interactions,  bring  about  the  increase  in  the  y'  in  the  enzyme's  active  site.  Since  the 
direction  of  the  hydrogen  bonding  interactions  involving  the  amide  group  of  the 
substrate  is  nearly  orthogonal  to  the  rotation  axis  of  the  NC-CSS  single  bond,  we 
suggest  that  the  value  of  the  y*  torsion  angle  in  the  active  site  is  regulated,  at  least  in 
part,  through  these  hydrogen  bonding  interactions.  The  increase  in  y*  in  the  active 
site  represents  a  small  but  significant  departure  of  y'  in  the  direction  of  y'  for  the 
transient  tetrahedral  intermediate  for  deacylation,  which  is  believed  to  be  close  to  the 
deacylation  transition  state  on  the  reaction  pathway,  and  must  be  driven  in  this 
direction  by  the  enzyme-substrate  contacts.  In  addition,  this  fine-tuned  conformation 
serves  to  decrease  the  N— S  non-bonded  interaction  in  the  enzyme's  active  site  and 
reduce  its  stabilizing  effect  on  the  acylenzyme  energy. 

At  the  moment,  the  structure-spectra  correlations  are  being  extended  using 
model  compounds,  R-C(=0)NHCH2C(=S)SCH2CH(CH3)NHC(=0)CH3,  which  more 
closely  resemble  the  cysteine  linkages  of  cysteine-25. 
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Introduction 

Laminin,  a  large  heteromeric  glycoprotein  specific  in  the  basement  membrane, 
has  diverse  biological  activities  including  promoting  cell  adhesion,  growth, 
migration  and  differentiation,  and  influencing  metastatic  potential  of  tumor  cells. 
Laminin  from  the  mouse  Engelbreth-Holm-Swarm  (EHS)  tumor  consists  of  A,  B1 
and  B2  chains,  and  has  a  cruciform  shape  with  one  long  and  three  short  arms  when 
examined  by  electron  microscopy.  Several  laminin  isoforms  have  been  identified 
with  at  least  8  genetically  distinct  subunits.  Merosin  (M)  is  an  A  chain  homolog 
and  is  expressed  in  muscle,  kidney,  trophoblast  and  in  some  other  tissues.  The  three 
chains  are  assembled  through  an  a-helical  coiled-coil  structure  in  the  long  arm  region 
of  laminin  which  contains  approximately  600  amino  acids  from  each  chain  [1].  It 
has  been  shown  that  a  proteolytic  fragment  consisting  of  the  carboxy  one  third  of  the 
long  arm  can  be  reconstituted  to  a  structure  similar  to  the  native  molecule  after 
denaturation  [2].  More  recently,  we  have  demonstrated  that  a  short  sequence  of  the 
carboxy  end  of  each  chain  is  required  to  initiate  the  assembly  of  the  laminin  chains 
(Utani  et  al.,  unpublished  data).  In  this  paper,  we  have  studied  the  specific 
interaction  of  the  laminin  chain  using  short  synthetic  peptides. 

Results  and  Discussion 

The  synthetic  peptides  from  B1  and  B2  subunits  of  laminin  (31-  or  32-,  and  51- 
mers),  and  M-55  (55-mer)  used  are  listed  in  Figure  1.  M-55  was  synthesized  by  Boc 
based  SPPS  methodology  using  an  automated  peptide  synthesizer.  The  resulting 
protected  peptide  resin  was  treated  by  the  two-step  method  [3,  4]  to  deprotect  and 
cleave  the  peptide  from  resin.  This  consisted  of  consecutive  treatments  with 
trimethylsilyl  bromide  (TMSBr)-thioanisole  and  HF  procedures.  The  B1  and  B2 
peptides  were  manually  synthesized  by  Fmoc  based  SPPS  methodology  followed  by 
1M  TMSBr-thioanisole  deprotection  procedure  [5]. 

Interactions  between  the  Bl,  B2  and  M  peptides  were  examined  by  mixing 
experiments  of  the  components  at  10  pM  of  each  peptide  in  50  mM  phosphate  buffer 
(pH  7.4).  After  a  mixture  of  various  peptide  pairs,  the  resulting  disulfide  bonded 
hetero  and  homo  dimers  of  B 1  and  B2  were  analyzed  by  HPLC  at  various  time 
intervals.  It  was  found  that  in  an  equimolar  mixture  of  Bl-32  and  B2-31,  and 
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(-►B1-51  |— ►Bl-M 

SKLQU-EDLERKYEDNQKYLEDKAQELVRLEGEVRSLLXIDISEKVAVYSTC 
r*-B2-51  |— ►B2-31 

KASOLDWCVSOLESEARKQEAAJXDYNRDI AEBKDIHNLEDIKKTLPT  GC 

VRNLEQjEAORLlOKLKPIKELEDNLKKNISEIKEUNQARKQANSIKVSVSSGGO 
Fig.  I.  List  of  synthetic  peptides.  Bl-51:  mouse  laminin  B1  chain  1714-1764,  B2-51: 
mouse  laminin  B2  chain  1515-1565  (X~Nle),  M-55:  merosin  274-328. 


separately  of  Bl-51  and  B2-51,  there  was  very  little  selectivity  for  heterodimer 
formation.  However,  when  M-55/B1-32/B2-31  or  M-55/B1-51/B2-51  mixtures  were 
analyzed,  the  B1-B2  heterodimer  was  preferentially  formed.  The  oxidative 
complexation  of  the  M-55/B1-51/B2-51  mixture  was  completed  within  6  hr  (Figure 
2),  but  that  of  M-55/B1-32/B2-31  mixture  required  more  than  48  hr  for  completion  of 
the  oxidative  reaction.  When  the  B1-51-B2-51  and  M-55  were  mixed  in  equimolar 
amounts,  the  heterotrimer  was  formed  as  determined  by  HPLC  on  a  TSK-G2000SW 
column.  The  CD  spectra  demonstrated  that  the  heterotrimer  has  significantly  higher 
a-helical  content  than  the  heterodimer.  The  thermal  stabilities  of  the  heterodimer  and 
trimer  were  determined  by  monitoring  changes  in  the  CD  spectra  (222  nm)  at  various 
temperatures.  The  trimer  is  considerably  more  stable  (Tm  =  61.5°0  than  the  B1-B2 
dimer  (Tm  =  43°C).  This  Tm  value  of  the  trimer  is  comparable  to  the  previously 
reported  Tm  values  of  the  proteolytic  laminin  molecule  [6].  These  results  confirm 
that  the  laminin  A  chain  (merosin  here)  is  required  for  the  selective  formation  of  the 
native  like  heterotrimer  consisting  of  B1  (51-mer),  B2  (51-mer)  and  merosin  (55-mer) 
subunits. 


Fig.  2.  HPLC  analysis  of  the  peptide  mixtures  incubated  at  room  temperature  for  6  hr. 
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Introduction 

Bioactivation  of  pro-proteins  by  limited  proteolysis  is  a  general  mechanism  in 
the  biosynthesis  of  hormones,  receptors  and  viral  protein  precursor.  The  cleavage 
process  occurs  at  the  level  of  pairs  or  singlets  of  basic  residues  in  the  pro-forms.  It 
was  proposed  that  the  basic  residues,  which  act  as  signal  loci  for  the  proteolytic 
enzyme  are  located  in  flexible  structural  segments  like  {i-tums  and/or  loops  [1].  The 
structural  parameters  which  are  thought  to  play  a  key  role  in  the  enzyme-substrate 
recognition  have  been  elucidated  in  various  synthetic  peptides  [2],  In  this  work  we 
present  spectroscopic  and  molecular  dynamics  data  on  the  whole  peptide  segment 
1-20  (containing  a  disulfide  bridge)  of  the  common  pro-OT/Np  precursor: 

C'-Y-I-Q-N-C6-P7-L-G-G-K-R-A-V-L,5-D-L-D-V-R20 

NMR  as  well  as  CD  and  FT-IR  spectroscopy  indicate  that  the  molecule  has  two 
folded  regions  in  a  fl-turn  and  a  helical  segment  in  the  C-terminus.  These  results  are 
in  line  with  those  found  in  shorter  peptides  [2]  and  point  to  a  well  defined  molecular 
architecture  of  the  cleavage  site. 

Results  and  Discussion 

The  CD  spectrum  of  proOT/Np  in  TFE/H20  (95/5  v/v)  shows  a  positive  band 
below  200  nm  and  negative  dichroism  between  200-250  nm.  These  features  indicate 
the  existence  in  solution  of  a  conformational  equilibrium  between  aperiodic  structures 
and  folded  conformations  [3]. 

The  FT-IR  analysis  carried  in  TFE/DjO  (90/10  v/v)  shows  an  intense  band 
around  1659  cm*1  and  a  weaker  band  at  1680  cm'1.  These  bands  may  be  attributed  to 
the  existence  in  solution  of  an  ordered  population  containing  fl- turns  and  a-helical 
structures. 

ID,  2D  and  3D  NMR  experiments  were  performed  at  400, 600  and  750  MHz  in 
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solutions  of  DMSO  and  DMSQ/H20  (80:20).  The  sequential  assignment  of  proton 
resonances  was  accomplished  with  homonuclear  correlation  experiments  such  as 
TOCSY  and  NOESY.  In  DMSQ/H20,  as  in  pure  DMSO,  sequential  NHj+,-NH;  and 
NHi+1-aCHj  NOE  connectivities  have  been  observed  in  the  C-terminal  segment, 
starting  from  the  Ala13  to  the  last  Arg20  and  support  the  hypothesis  of  a  helical-type 
structure  in  this  region.  Nevertheless,  no  extreme  values  have  been  observed  for  the 
3JNHa  coupling  constants,  thus  indicating  that  conformational  averaging  is  taking 
place  for  the  peptide  in  solution.  It  should  be  noted  that  a  uniform  trend  is  observed 
by  these  coupling  constants  to  assume  lower  values  in  going  from  DMSO  to 
DMS0/H20.  This  fact  can  be  interpreted  as  indicative  of  a  higher  population  of  a 
folded  structure  in  the  latter  solvent.  As  far  as  the  N-terminal  region  is  concerned, 
the  observation  of  sequential  NOEs,  together  with  the  values  of  the  3Jnh<>  and  die 
low  values  of  the  temperature  coefficients  in  the  Cys'-Cys6  ring,  indicates  the 
presence  of  one  f)-tum  in  the  sequence  Tyr2-Asn5,  as  observed  in  the  solid  state 
structure  of  the  Oxytocin  ring  [4]. 

In  the  middle  region  of  the  peptide  (Pro7-Arg20)  the  resonances  of  the  NHs 
severely  overlap.  NH-NH  NOE  interactions  can  neither  be  confirmed  nor  denied. 
The  NOE  aCys6-55'Pro7  indicates  a  trans  configuration  of  the  bond  Cys6-Pro7. 
Further  information  can  be  obtained  from  the  3D-NOESY-HOHAHA  spectrum, 
where  NOE  NHi+1-aCHi  connectivities  between  the  residues  Lysn-Gly10  and  Arg12- 
Lys11  have  been  observed.  It  should  be  noted  that  the  Gly10  NH  resonance  exhibits  a 
low  temperature  coefficient  value  (-2.4  ppb/K  in  DMS0/H20). 

The  results  presented  in  this  work  come  from  different  spectroscopic  methods 
including  CD,  FT-IR  and  NMR.  They  provide  physico-chemical  evidence  for  the 
existence  of  an  ordered  secondary  structure  at  the  processing  site  of  a  simple 
prohormone  such  as  pro-OT/Np.  The  C-terminal  region  of  l-20pro-OT/Np  (Ala13- 
Arg20)  seems  to  be  organized  in  a  helical  structure  like  the  shorter  peptides 
previously  examined  [2].  Information  about  the  possible  existence  of  a  fi-tum  in  the 
middle  region  of  the  peptide  chain  is  obtained  from  NMR  spectra  at  750  MHz  that 
point  to  a  ji-tum  (type  I)  folding  from  the  Pro7  residue.  The  MD  simulation,  with 
the  insertion  of  a  fl-tum  (type  I)  from  Pro7  residue  which  is  similar  to  that  found  in 
shorter  peptides,  seems  fully  compatible  with  the  available  NMR  data. 
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Introduction 

Bombolitins  are  five  structurally  related  heptadecapeptides  initially  isolated  from 
the  venom  of  a  bumblebee  [1].  They  share  the  ability  to  lyse  erithrocytes  and 
liposomes  and  to  enhance  the  activity  of  phospholipase  A2  (PLA2).  Bombolitins  are 
also  able  to  form  amphiphilic  a-helices  under  suitable  conditions,  a  feature  which 
could  explain  their  ability  to  interact  with  membranes.  In  fact,  amphiphilicity  rather 
than  sequence  specificity  was  suggested  to  be  the  main  determinant  for  bk  0ical 
activity  [2].  We  have  recently  undertaken  a  systematic  investigation  jf  the 
conformational  properties  of  bombolitin-related  peptides  in  an  attempt  to  understand 
the  structural  basis  for  biological  activity.  Here,  we  report  the  synthesis  and 
preliminary  conformational  studies  on  two  analogs  of  bombolitin  III  (B-III). 

Results  and  Discussion 

Both  analogs  were  synthesized  by  solid  phase  methods  using  FMOC  chemistry. 
After  purification,  both  analogs  exhibited  a  single  peak  under  different  HPLC 
conditions  and  also  in  capillary  electrophoresis.  The  peptides  were  characterized  by 
ami.io  acid  analysis,  sequence  analysis  and  FAB-MS.  All  results  were  consistent 
with  the  pure  sequences  IKIMDILAKLGKVLAHV-NH2  ( all-D  B-III)  and 
VHALVKGLKALIDMIKINH2  (retro-B-ffl). 

Similar  to  other  bombolitins  [3],  these  analogs  are  random  coils  at  10~s  M  in 
water,  and  their  CD  patterns  are  mirror  images  (data  not  shown).  Like  B-III,  the 
conformation  of  the  all-D  analog  depends  on  concentration  and,  at  5.72  mM  peptide, 
pH  6.2,  the  a-helical  content  is  about  55%.  Intermolecular  aggregation,  very  likely 
driven  by  interactions  among  the  hydrophobic  surface  of  the  helices,  is  at  the  origin 
of  these  results  {3]. 

The  results  of  a  titration  of  retro-B-III  with  sodium  dodecylsulphate  (SDS)  are 
reported  in  Figure  1.  Increasing  the  detergent  concentration,  there  is  an  increase  of 
ordered  structure.  At  SDS  concentration  below  the  c.m.c.,  the  CD  pattern  suggests 
that  a  type  II  fi-tum  component  is  present  in  the  conformer  population.  Above  the 
c.m.c.  of  SDS,  the  a-helical  conformation  becomes  stable  and  saturation  is  reached 
at  1 .4  mM  SDS,  with  the  equilibrium  completely  shifted  towards  the  micelle-bound 
state  (Figure  1).  The  same  behavior  is  observed  with  all-D  B-HI,  with  spectra  that 
are  the  mirror  images  of  those  of  the  L-sequence.  We  can  therefore  conclude  that  the 
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way  of  interaction  of  these  analogs  with  detergent  micelles  is  very  similar  to  that  of 
native  B-ID.  In  vitro  biological  activity  tests  (Pl^-induced  release  of  fatty  acid 
from  L-a-phosphaddyl-choline)  indicated  that  both  analogs  are  as  active  as  die  native 
sequence.  These  results,  together  with  those  previously  obtained  on  retro-bombolitin 
I  [4],  confirm  that  neither  sequence  nor  helical  sense  are  the  main  factors  responsible 
for  bioactivity.  Rather,  the  ability  to  fold  into  amphiphilic  helices  seems  to  be  die 
major  determinant  of  bombolitin  activity. 


1  '  I  »  I  ■  I 


190  210  230  250 

Wavelength  (nm) 

Fig.  1.  CD  spectra  of  3.7x10 -J  M  retro-B-llI  in  10  mM  phosphate  buffer.  pH  5,  in  the 
presence  of  increasing  amounts  of  SDS  (indicated).  The  CD  spectrum  of  all-D  B-III, 
4.28xl0-}  M  and  in  the  presence  of  2.85  mM  SDS  (saturation  conditions)  is  also  shown 
(broken  line). 
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Introduction 

Short  linear  peptides,  in  which  both  amnio  and  carboxyl  termini  are  derivatized, 
are  in  general  considered  to  be  unordered  in  protic  media  because  competition  for 
intermolecular  H-bond  interactions  by  solvent  tends  to  diminish  the  advantage  of 
folded  structures  stabilization  by  intramolecular  H-bonds.  Nevertheless,  it  has  been 
recently  reported  that  linear  peptides  (of  20-13  residues  or  less)  are  able  to  attain 
ordered  conformations  in  aqueous  solution,  such  as  a-helix,  P-bend  or  3I0-helix 
structures  [1, 2],  the  latter  being  typical  of  Aib-rich  peptides. 

We  present  here  the  conformational  features  in  methanol  or  water-methanol 
solution  of  short,  linear  peptides,  as  those  represented  in  (1),  where  P  = 
protoporphyrin  IX,  N  ■  1-naphthylacetic  acid,  and  AA  =  Ala  or  Aib.  They  will  be 
denoted  in  the  following  as  P(Ala)„N  and  P(Aib)„N,  respectively,  with  n  =  1,  2,  3 
and  4  in  the  former  case,  and  1  and  2  in  the  latter.  Owing  to  the  presence  of  two 
carboxylic  groups  in  P,  both  monomeric  and  cross-linked  dimeric  protoporphyry  1 
peptides  were  obtained,  but  only  the  monomeric  species  will  be  reported  hoe. 

Boc-Leu-Leu-Lys-(  AA)n-Leu-Leu-Lys-Otflu  ( 1 ) 

I  I 

P  N 

Results  and  Discussion 

The  rate  of  N*  quenching  should  depend  on  the  separation  distance  between  P 
and  N  groups,  that  in  a  rigid  framework  is  expected  to  increase  by,  e.g.,  3.8  A  per 
alanine  residue  (shortest  through-space  distance)  or  4.4  A  per  alanine  residue 
(through-bond  distance).  The  observation  that  both  the  fluorescence  time  decay  and 
quantum  yield  of  naphthalene  chromophore  [X*,  *  280  nm  (N*),  =  340  or  630 

nm  (N*  or  P*,  respectively)]  vary  with  n,  bid  that  the  trend  cannot  be  simply  related 
to  the  number  of  amino  acids  AA  in  the  peptides  strongly  suggests  that  folded 
(helical)  structures  form.  This  agrees  with  IR  spectral  results  on  CD3OD  solution  of 
oligopeptides  (1)  at  concentration  «0. 10-0.30  mM.  For  instance,  in  the  Ala-based 
peptides  the  integrated  intensity  of  the  bands  at  wound  3330  cm'1  (amide  A  region) 
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and  1655  cm1  (amide  I  region),  corresponding  to  intramoleculariy  H-bonded  N-H  and 
C=0  groups,  respectively,  was  found  to  increase  dramatically  on  going  from  the 
samples  carrying  naphthalene  or  porphyrin  molecules  only  (blanks)  to  the  peptides, 
although  the  question  as  to  whether  the  Ala-based  and  Aib-based  compounds  differ  in 
structure  could  not  be  clearly  answered  [3].  However,  the  finding  that  exciplex 
formation  in  methanol  is  definitely  minor  in  the  former  peptides  than  in  the  latter 
strongly  suggests  that  the  intramoleculariy  H-bonded  conformations  are  different. 
Consistently,  structural  considerations  indicate  that  the  position  of  the  probes 
linkages  in  a  3to-helix  arrangement,  that  should  be  favored  by  the  Aib  residues  [2],  is 
such  as  to  allow  the  chromophores  to  reside  more  closely  to  each  other  than  in  an 
a-helical  peptide.  'H-NMR  spectral  patterns  in  the  NH  region  (5-9  ppm)  and 
preliminary  NOE  data  confirm  this  conclusion.  Therefore,  despite  the  fact  that  CD 
spectra  of  the  Ala-based  and  Aib-based  peptides  in  methanol  are  not  too  dissimilar, 
we  are  inclined  to  think  that  the  former  compounds  are  characterized  by  an  H-bonding 
scheme  of  i  — »  i+4  (C13  type)  and  the  latter  by  a  scheme  of  i  — >  i+3  (Cj0  type). 


Fig.  1.  CD  spectra  of  PAibN  (a),  PAlaN  (b),  P(Aib)jN  ( c ),  and  P(Ala)2N  (d)  in  water- 
methanol  solution  (75/25,  v/v);  concentration  *»  0.3  mM.  Molar  ellipticity  is  on  per 
residue  basis. 

By  contrast,  the  CD  spectra  of  the  two  sets  of  peptides  in  water-methanol 
solution  exhibit  quite  different  features,  as  illustrated  in  Figure  1,  and  this  is  a  further 
confirmation  of  the  above  conclusion.  Theoretical  calculations  by  Woody  et  al.  [4] 
show  that  systematic  distortions  due  to  the  dynamic  fluctuation  of  the  a-helical 
conformation  bring  about  significant  changes  in  the  CD  spectrum  of  short  linear 
peptides.  For  instance,  the  rotational  strength  in  the  nn*  absorption  region  decreases 
upon  tilting  of  C=0  groups,  which  may  account  for  the  fact  that  the  Ala-based 
oligopeptides  in  methanol  have  a  weak  rotational  strength  at  around  220  nm.  By 
addition  of  water,  the  CD  patterns  of  these  peptides  change  dramatically,  now 
resembling  closely  those  of  a-helix  (Figure  1).  In  aqueous  medium,  hydrophobic 
interactions  between  the  bulky,  apolar  N  and  P  groups  appear  to  stabilize  the  a- 
helical  conformation,  provided  the  main  chain  is  long  enough,  and  to  slow  down  the 
dynamic  distortions  of  the  ordered  structure  that  very  likely  occur  in  methanol 
solution.  By  contrast,  the  CD  spectra  of  the  Aib-based  peptides  are  only  little 
affected  by  the  presence  of  water,  as  one  would  expect  for  a  310-helix  which  is  more 
tightly  bound  by  intramolecular  H-bonds  than  an  a-helix. 
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Introduction 

The  peptide  sequence  RGD  is  the  principal  recognition  segment  in  adhesive 
proteins  associated  with  biochemical  processes  such  as  hemostasis,  tumor  metastasis 
and  tissue  remodeling.  It  has  been  demonstrated  recently  that  the  IASRYDQL 
synthetic  octapeptide  (250-257)  of  the  major  surface  glycoprotein  of  Leishmania, 
gp63,  efficiently  inhibits  parasite  attachment  to  the  macrophage  receptors  in  vitro, 
and  the  SRYD-containing  tetrapeptide  mimics  antigenically  and  functionally  the 
RGDS  segment  of  fibronectin  [1].  The  conformational  properties  of  the  IASRYDQL 
octapeptide  are  now  investigated  in  DMSO  solution  at  pH  5  with  die  combined  use 
of  NMR  data  and  MD  simulations,  in  order  to  define  the  structural  requirements  of 
the  SR  YD- moiety  for  the  receptor-mediated  event  of  intracellular  parasitism  and  the 
design  of  good  vaccine  candidates  against  leishmaniasis. 

Results  and  Discussion 

The  complete  assignment  of  all  proton  resonances  was  based  on  die  combined 
use  of  COSY,  HOHAHA,  ROESY  and  NOESY  experiments  and  is  in  agreement 
with  previously  reported  'H-NMR  data.  The  temperature  coefficient  values  of  the 
RM3NH,  D^NH,  Q^NH  and  L^NH  (above  -3x1  O’ 3  ppm/K)  indicate  that  these 
amide  protons  are  not  entirely  exposed  to  die  solvent  and  dud  they  could  be  involved 
possibly  in  intramolecular  helical  interactions  at  pH  5.  However,  the  coupling 
constant  values  (above  6Hz)  between  NH  and  C*H  protons  exclude  this  possibility. 
The  NOESY  spectrum  of  the  octapeptide  showed  intense  NOE  cross  peaks  in  die  C- 
terminal  part  between  the  successive  amide  protons  Y3S4NH/D2S3NH  and 
D255NH/Q254NH.  These  Endings  and  the  absence  of  strong  NOE  correlations 
between  the  consecutive  Y234C“H/D255NH  are  in  favor  of  a  type  I  p-turn  in  die 
-R253-Y254-D2J5-Q25«-  part,  involving  die  Q2*NH-»R253CO  interaction.  Intense 
NOE  connectivities  were  also  found  between  successive  C“H j/  NHj+i  and  NHi/NHi+i 
protons  (A25lC°H/S232NH  and  S232NH/R233  NH  respectively),  as  well  as  between 
S232C“H/R253NH.  These  qualitative  NOE  data  did  not  allow  us  to  define  with 
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certainty  the  conformational  features  of  the  I^-A^'-S^-R233  N-tenninal  pert. 


Fig.  1.  The  lowest  energy  structure  of  the  IASRYDQL  from  the  constrained  molecular 
dynamics  simulations. 

With  die  aim  to  supplement  the  NMR  data  and  to  refine  the  reported  structure, 
MD  simulations  and  energy  minimizations  wen  carried  out  using  backbone-backbone 
constrained  distances  provided  from  NOE  cross -correlations.  The  torsional  angles 
obtained  from  the  time-averaged  MD  minimized  conformations  are  in  agreement  with 
a  type  I  p-tura  in  the  -R^-Y254-  D255-Q236-  sequence,  with  98%  occurrence  of  the 
Q254NH— iR253^  hydrogen  bonding  interaction,  consistent  with  the  NMR  data. 
Moreover  the  time-averaged  MD  minimized  conformers  are  also  compatible  with  a 
type  I  p-turn  in  the  I250- A25 1  -S232^253  N-terminal  part,  with  72%  occurrence  of  the 
R253NH— >Ile250CO  interaction.  On  the  other  hand,  a  ten-membered  cycle  was 
stabilized  through  a  hydrogen  bonding  interaction  between  D23SNH  and 
(79%  occurrence),  which  is  in  agreement  with  the  low  temperature  coefficient  value 
of  D^NH  (Figure  1). 

In  conclusion,  the  reported  NMR  data  and  MD  simulations  pointed  out  that  the 
SRYD-analogue  adopts  a  restricted  conformation,  which  may  prove  crucial  for  die 
receptor-ligand  interaction  in  cellular  adhesion. 
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Introduction 

Malaria  is  a  parasitic  disease  that  afflicts  hundreds  of  millions  of  people 
annually  and  accounts  for  millions  of  deaths  among  children.  This  past  decade  has 
seen  the  parasite  develop  multiple  drug  resistance  and  vaccine  development  has  now 
become  a  priority.  The  parasite  evolves  through  several  stages  in  the  human  and 
mosquito  hosts.  Each  stage  is  currently  under  investigation  as  a  vaccine  target  [1]. 
Our  goal  is  to  develop  a  transmission  blocking  vaccine  to  be  administered  in 
conjunction  with  drug  therapy  and  as  part  of  a  multi-stage  vaccine.  A  major  role  for 
this  vaccine  would  be  to  prevent  escape  mutants  formed  in  reaction  to  drugs  or  other 
vaccine  components  from  proliferating  in  the  population. 

The  target  of  this  work  is  Pfs25,  a  sexual  stage  protein  of  Plasmodium 
falciparum  malaria.  Monoclonal  antibody  (Mab)  4B7  which  binds  to  the  third 
epidermal  growth  factor  (EGF)-like  domain  of  Pfs25  completely  blocks  transmission 
of  the  parasite  in  the  mosquito  gut  [2].  The  X-ray  crystal  structure  of  this 
monoclonal  complexed  with  antigens  will  provide  critical  information  regarding 
conformation  and  fine  structure  specificity  for  vaccine  development. 

Results  and  Discussion 

Mab  4B7  binds  to  an  epitope,  ILDTSNPVKT,  which  corresponds  to  a  B  loop 
p-hairpin  of  a  prototypical  EGF-like  domain.  A  series  of  cyclic  peptides  was  prepared 
by  replacing  predicted  main  chain  hydrogen  bonds  (NH...O=CRNH)  with  a  hydrazone 
covalent  hydrogen  bond  mimic  (N-NsCHCH^CH^)  (Figure  1).  Both  linear  and  cyclic 
peptides  were  synthesized  on  the  solid  support  using  described  procedures  [3]. 


Fig.  1.  Cyclic  peptides  with  a  hydrazone  covalent  hydrogen  bond  mimic. 
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Table  1  Relative  affinities  of  anti-Pfs25  monoclonal  antibody  4B7  for  cyclic 
peptides  (A-E)  and  corresponding  linear  peptide  F  as  determined  from 
competition  ELISA 


Rel.  Affinity 

A. 

J-ILDTSNPVKT-GZG-NH2 

+++ 

Cyclic 

B. 

JCILDTSNPVKT-GZG-NHj 

++ 

Cyclic 

C. 

J-ILDTSNPVKTGGZG-NHj 

++ 

Cyclic 

D. 

JC _ ILDTSNPVKT-GZG-NH, 

++ 

Cyclic 

E. 

J-ILDTSNPVK-GZG-NHj 

++ 

Cyclic 

F. 

AcGILDTSNPVKTG  V — NH2 

+ 

Linear 

The  Pfs25  sequence  is  shown  in  bold.  J  and  Z  are  covalently  linked  to  form  the  hydrazone 
hydrogen  bond  mimic  [3]. 


While  each  of  the  loops  bound  with  higher  affinity  to  4B7  Mab  than  linear 
peptides,  the  smaller  loop  A  bound  best,  reflecting  conformational  preference  of  Mab 
4B7  (Table  1).  We  have  obtained  crystals  for  the  intact  IgG  complexed  with  linear 
peptides  which  diffract  to  low  resolution  and  crystals  of  an  elastase  released  Fab 
fragment  both  free  and  in  complex  with  linear  and  cyclic  peptides.  The  different 
peptides  have  a  profound  influence  on  the  crystallization  of  the  antibody  complexes 
and  appear  to  control  the  space  group  in  which  crystals  grow.  The  development  of 
crystallization  conditions  was  aided  by  the  screening  of  the  Fab  complexed  with 
several  loops  and  linear  peptides. 

The  higher  affinity  of  loops  may  have  aided  the  crystallization  by  producing 
stable  complexes.  The  free  Fab  and  Fab-peptide  complexes  with  cyclic  peptides  A,  D 
and  E  nucleate  spontaneously.  Fab  complexes  with  cyclic  peptides  B  and  C  do  not 
nucleate  spontaneously,  but  by  employing  streak  seeding  and  macroseeding  [4]  with 
seeds  from  native  crystals,  we  have  produced  cocrystals  with  these  peptides. 
Cocrystals  with  linear  peptide  F  were  obtained  by  cross-seeding  from  cocrystals  with 
loop  E.  The  unit  cell  volume  doubles  yielding  crystals  of  the  seeded  complex 
diffracting  to  significantly  higher  resolution  (2.7 A).  The  crystallizing  solutions  were 
similar  ranging  from  10%  polyethylene  glycol  8,000  for  peptide  B  to  15%  for  the 
linear  peptide  F.  The  precipitant  solutions  were  buffered  with  0.2M  imidazole  malate 
from  pH  5.5  to  8.0.  The  optimum  crystallization  conditions  vary  from  complex  to 
complex  within  the  ranges  given  above.  The  different  crystal  forms  diffract  from 
2.4A  to  3.6A,  depending  on  the  peptide,  and  are  all  suitable  for  X-ray  structure 
determination  (Table  2).  Data  sets  have  been  collected  for  the  free  Fab  and  for  all  the 
peptide  complexes  shown  in  Table  2  to  the  diffraction  limit  of  each  complex. 
Molecular  replacement  solutions  have  been  obtained  for  free  Fab,  and  for  each  of  the 
complexes  with  peptides  A,  B,  C  and  D  and  fitting  of  the  electron  density  and 
refinement  is  in  progress.  The  X-ray  structure  determination  of  the  Fab-loop  B 
complex  shows  electron  density  for  the  cyclic  peptide  in  the  Fab  binding  pocket 
demonstrating  that  cross  seeding  from  the  native  Fab  crystals  does  not  select 
uncompiexed  Fab  and  that  complexes  with  cyclic  peptides  can  be  grown  in  this 
manner.  The  data  sets  provide  a  basis  for  determining  the  structures  of  each  of  die 
peptides  in  the  antigen  binding  site  of  the  antibody. 
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Table  2  Lattice  parameters  and  R^for  Fab  4B7  and for  Fab-peptide  complexes 


Peptide 

Space 

group 

a 

(A) 

b 

(A) 

c 

(A) 

a 

(°) 

P 

o 

Y 

o 

(A) 

Free 

C2 

149.8 

73.6 

60.7 

90.0 

96.8 

90.0 

2.5 

A. 

P3,21 

72.1 

72.1 

135.7 

90.0 

90.0 

120. 

3.1 

B. 

C2 

148.6 

73.5 

60.1 

90.0 

97.2 

90.0 

2.8 

C. 

C2 

148.0 

73.2 

59.7 

90.0 

97.0 

90.0 

2.8 

D. 

C2 

71.2 

74.2 

104.7 

90.0 

93.4 

90.0 

3.3 

E. 

C2 

71.1 

73.3 

104.2 

90.0 

93.3 

90.0 

3.3 

F. 

C2 

105.3 

77.1 

146.1 

90.0 

95.3 

90.0 

2.7 

Although  the  crystallization  conditions  are  similar,  the  resolution  and  packing 
arrangement  of  the  Fab,  as  reflected  in  the  change  in  space  group  and  in  the  unit  cell 
dimensions,  is  affected  by  changes  in  the  peptide  sequence  and  positioning  of  the 
hydrogen  bond  mimic. 

Such  structures  will  help  us  understand  the  mechanism  for  malaria 
neutralization  at  the  atomic  level  and  should  aid  in  the  design  of  constrained  malaria 
peptides  for  use  with  T-cell  epitopes  in  a  transmission  blocking  vaccine. 
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Introduction 

Magainin2a  (Mgn2a)  and  PGLa,  two  amphipathic  peptide  antibiotics  isolated 
from  frog  skin,  adopt  a-helices  in  the  presence  of  lipid  bilayers  [1-3],  In  aqueous 
solution,  however,  they  display  very  low  a-helix  content  unless  a  helix  promoting 
solvent  such  as  TFE  is  added  [4].  Understanding  the  details  of  how  these  and  similar 
length  peptides  undergo  the  conformational  transition  from  an  apparently  unordered 
state  to  a-helical  conformation  is  central  to  the  field  of  protein  folding.  In  this 
study,  we  employ  CD  and  FTIR  spectroscopy  to  explore  if  Mgn2a  and  PGLa  harbor 
small  populations  of  secondary  structure  elements,  which  might  serve  as 
intermediates  in  the  folding  process. 

Results  and  Discussion 

CD  spectra  of  both  Mgn2a  and  PGLa  are  dominated  by  a  strong  band  near  197 
nm,  wt.ich  becomes  less  intense  with  increasing  temperature  while  a  weaker  band 
(210-225  nm)  becomes  slightly  more  negative  (Figure  1).  These  temperature 
dependent  spectral  changes  are  reversible  and  characterized  by  a  sharp  isodichroic 
point  at  207.4  nm,  suggesting  an  equilibrium  between  two  states.  These  properties 
are  similar  to  poly-L-lysine,  in  which  the  strong  band  is  attributed  to  the  "random 
coil"  conformation  or  to  another  rigid  conformation  (RC)  of  the  carbonyl  similar  to 
poly-L-proline  (II)  [5,  6].  CD  difference  spectra  reveal  a  characteristic  band  shape 
with  \nin-  217,  =  194  nm,  which  is  reminiscent  of  ^-sheet  and  suggests  that  a 

population  with  properties  similar  to  |J- sheet  is  favored  at  higher  temperature  at  the 
expense  of  the  RC  population.  0)97  and  8217  do  not  change  significantly  over  > 500- 
fold  concentration  range,  suggesting  that  this  ^-structure  is  due  to  intramolecular 
rather  than  intermolecular  interactions  or  aggregation.  Secondary  structure  analysis. 
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conducted  with  LiNCOMB  [7]  and  four  reference  spectra  (a-helix,  (J-sheet,  RC  [8] 
and  P-tum  Type  I  [9]),  shows  a  consistent  decrease  in  RC  with  a  modest  increase  in 
total  p-structure  (fJ-sbeet  plus  P-tum). 

Fl'lR  spectra  show  that  the  amide  I'  band  for  Mgn2a  and  PGLa  is  dominated  by 
a  peak  at  1642  cm-1,  typical  of  an  RC  conformation  (Figure  2).  Reversible 
temperature  dependent  changes  in  amide  I'  produce  an  isosbestic  point  at  1648  cm1, 
suggesting  an  equilibrium  between  interconverting  species.  Fitting  of  Gaussian 
peaks  to  resolution  enhanced  spectra  [10,  11]  shows  a  band  at  1675  cm-1  for  both 
peptides,  which  can  be  assigned  to  reverse  turns  [12].  Difference  spectra  show  that 
with  increasing  temperature,  there  is  an  absorbance  loss  at  1637  cm'1  with  an 
accompanying  broad  absorbance  increase  from  1650-1670  cm1.  These  changes  can 
be  interpreted  as  an  increase  in  loose  turns  at  the  expense  of  RC  structure. 

CD  and  FTIR  spectra  of  Mgn2a  and  PGLa  show  a  temperature  dependent 
equilibrium  which  at  higher  temperatures  favors  a  conformation  with  properties  of  a 
p-structure.  In  addition,  the  spectra  are  consistent  with  a  significant  percentage  of 
reverse  or  P-tum.  These  populations  might  serve  as  nascent  secondary  structures  in 
the  folding  process. 


CO  Spectra  of  Mogainin2o  CO  Spectra  of  PGLo 


Wavelength  (nm)  Wavelength  (nm) 

CO  Difference  Spectra  of  Mgn2o  CO  Difference  Spectra  of  PCLo 


Wavelength  (nm)  Wavelength  (nm) 


Fig.  1.  CD  spectra  ofMgn2a  and  PGLa  in  aqueous  solution.  CD  spectra  of  the  TFA  salts  of 
Magainin2a  ( G1GKFLHSAKKFGKAFVE1MNSNH2 )  and  PGLa  ( GMASKAGA1AGK1AK 
VALKALNH2)  In  10  mM  phosphate  buffer  pH  7,  100  mM  NaF  are  shown  nested  as  a 
funr'u.,.  of  temperature  (5,  15,  25,  35,  45,  55,  65°C).  Difference  spectra  were  generated 
by  subi, acting  the  spectrum  at  5°C  from  those  at  higher  temperatures. 


821 


A. EL  Shinnar  et  aL 


Conformational  Analysis 


FTJR  Spectra  of  Mgn2o 


FHR  Spectra  of  PGLo 
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Fig.  2.  FTIR  spectra  of  Mgn2a  and  PGLa  in  DfO.  FTIR  spectra  of  Mgn2a  and  PGLa 
(hydrochloride  salts,  5  mM  phosphate  buffer,  pD  7,  4096  scans)  were  resolution  enhanced 
with  linewidths  of  19-22  and  k  factors  of  2.0-2. 3  [10,  11).  Resulting  spectra  were  fit  by 

non-linear  least  squares  to  Gaussian  bands.  Temperatures  are  5  ( - ),  25  (■■■■),  45  ( — ), 

and  65°C  (-■-). 
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Introduction 

Most  sequence-specific  DNA-binding  proteins  recognize  and  bind  to  their 
cognate  DNA  in  die  major  groove.  Binding  motifs  such  as  the  helix-turn -helix,  zinc- 
finger  and  leucine-zipper  and  their  interactions  with  DNA  have  been  characterized. 
The  binding  of  proteins  to  die  minor  groove  is  much  less  understood.  Examples  of 
minor  groove  DNA  binding  proteins  are  histones,  DNase  I  and  HU  type  proteins. 
Their  binding  tends  to  be  less  sequence-specific  and  involves  interactions  largely  with 
backbone  phosphate  groups,  but  also  with  minor  groove  base  groups.  Among  the 
various  motifs  that  have  been  proposed  for  minor  groove  binding  is  an 
"SPK(R)K(R)"  sequence,  found  repeatedly  in  DNA-binding  "arms"  of  the  histones 
from  sea  urchin  sperm.  A  more  general  "SPXX”  sequence  was  found  to  occur  three 
times  more  frequendy  in  gene  regulatory  proteins  than  in  general  proteins  [1].  An 
"SPKK'-rich  fragment  of  sea  urchin  sperm atogenous  histone  HI  has  been  shown  to 
be  a  competitive  inhibitor  of  the  drug  Hoechst  33258  [2],  which  is  known  to  interact 
specifically  with  the  minor  groove  of  A/T  rich  DNA  segments.  To  further  explore 
the  structural  requirements  for  binding  of  the  proposed  SPXX  motif,  we  have  used  a 
14-mer  peptide  MRSRSPSRSKSPMR  and  an  A/T-rich  DNA  hairpin  for  a  proton 
and  phosphorus  2D  NMR  study.  This  peptide  contains  two  SPXX  sequences  and 
corresponds  to  a  repeated  sequence  found  in  the  high  molecular  weight  basic  nuclear 
proteins  that  are  present  in  the  sperm  chromatin  of  winter  flounder  [3]. 

Results  and  Discussion 

The  oligo-DNA  T6C4A6  was  characterized  by  NOESY  and  TOCSY  NMR 
spectroscopy.  Below  30°C  it  forms  a  hairpin  structure  in  aqueous  phosphate  buffer 
solution  (pH  6.5).  The  stem  consists  of  six  A-T  base  pairs  and  die  four  C  residues 
form  a  loop.  Unusual  cross-strand  NOEs  between  stem  residues  were  detected,  and 
the  first  C  residue  in  the  loop  displayed  an  abnormal  chemical  shift  thermal  melting 
behavior.  These  features  are  similar  to  a  homologous  DNA  hairpin  with  a  longer 
stem,  which  was  previously  characterized  by  2D  NMR  and  restrained  molecular 
dynamics  [4].  This  hairpin  has  a  bent  stem  with  a  slightly  narrower  minor  groove, 
and  the  first  C  in  the  loop  is  not  stacked  but  exposed  to  the  solvent.  The  DNA 
hairpin  used  here  is  expected  to  have  a  similar  structure.  No  regular  secondary 
structure  can  be  detected  by  2D  NMR  experiments  for  the  14-mer  peptide. 

Upon  addition  of  aliquots  of  a  peptide  solution  to  the  DNA  sample,  die  peptide 
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amide  signals  appear  at  shifted  resonance  positions  and  they  art  broadened,  indicating 
that  binding  takes  place  (Figure  1).  Up  to  a  1:1  DNA-peptide  ratio,  chemical  shift 
changes  only  occur  for  the  proton  and  phosphorus  signals  of  the  loop  residues, 
suggesting  that  under  these  conditions  the  peptide  binds  preferentially  to  the  loop 
residues.  Addition  of  up  to  two  equivalents  of  peptide  causes  changes  for  four  of  the 
T  imino  and  all  of  the  A  H2  protons;  while  the  NOESY  pattern  of  the  DNA  stem 
residues  is  not  disturbed.  The  imino  protons  are  involved  in  the  base-pairing  of  the 
stem;  the  A  H2  protons  are  located  in  the  minor  groove  of  the  stem.  Thus,  at  the 
higher  ratio,  binding  of  the  peptide  to  the  minor  groove  of  the  stem  takes  place. 
Most  of  the  non-solvent-exchangeable  proton  signals  of  the  peptide  do  not  display 
significant  changes  in  their  chemical  shifts,  hence  it  is  unlikely  that  the  peptide 
undergoes  major  changes  in  structure  upon  binding.  Therefore,  an  extended  peptide 
which  interacts  with  the  convex  minor  groove  of  the  bent  stem  through  some  of  its 
amide  and  side  chain  groups  is  consistent  with  the  latter  NMR  results. 


ppm  8.5  7.5  6-5 

Fig.  I.  500  MHz  proton  NMR  spectra  of  the  DNA  hairpin  T6C4A6  recorded  at  5  °C,  with 
different  amounts  of  the  peptide  MRSRSPSRSKSPMR  as  indicated. 
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Introduction 

Through  rational  drug  design,  medicinal  chemists  have  synthesized  many 
peptides  with  novel  therapeutic  potential.  However,  one  of  the  major  problems  in 
developing  these  compounds  as  therapeutic  agents  is  their  low  oral  bioavailability 
[1].  Low  oral  bioavailability  can  result  from  several  factors,  including  low  intestinal 
mucosal  cell  permeability,  first  pass  metabolism  in  the  intestinal  mucosa  and  the 
liver,  rapid  liver  clearance  and  rapid  metabolism  in  the  blood  or  peripheral  tissues. 
The  metabolic  liability  of  peptides  has  been  resolved  in  part  by  the  incorporation  of 
bioisosteres  of  the  peptide  bond.  Such  peptide  mimetics  are  not  susceptible  to 
hydrolysis  by  peptidases  and  ate  thus  more  metabolically  stable.  However,  medicinal 
chemists  have  not  achieved  this  same  degree  of  success  in  designing  peptide  mimetics 
with  enhanced  mucosal  cell  permeability  and  with  minimal  potential  to  be  cleared  by 
the  liver  and  eliminated  in  the  bile. 

This  presentation  will  focus  on  several  strategies  employed  in  our  laboratory  in 
an  attempt  to  enhance  the  intestinal  permeability  of  peptides  and  peptide  mimetics. 
The  strategies  to  be  discussed  include:  (1)  conjugating  the  pepddic  molecules  to  bile 
acids  that  are  normally  orally  absorbed  by  an  intestinal  transporter;  and  (2)  altering 
the  lipophilicity  and  hydrogen  bonding  potential  of  peptidic  molecules  to  optimize 
passive  diffusion. 

Results  and  Discussion 

One  possible  strategy  to  enhance  intestinal  permeability  of  peptides  and  peptide 
mimetics  is  the  conjugation  of  these  molecules  with  nutrients  that  are  absorbed  by 
endogenous  transporters  in  the  intestine.  One  transporter  that  medicinal  chemists 
have  tried  to  exploit  for  this  purpose  is  the  bile  acid  transporter,  which  is  enriched  in 
the  ileal  intestinal  mucosa  [2-4].  This  concept  is  based  on  the  rationale  that 
conjugated  and  nonconjugated  bile  acids  are  rapidly  and  effectively  absorbed  in  the 
ileum,  and  that  the  essential  molecular  requirement  of  bile  acids  for  active  transport  is 
the  retention  of  the  acidic  side  chain  at  position  17  on  the  D  ring.  Therefore,  our 
laboratory  [3]  has  evaluated  the  strategy  of  targeting  this  bile  acid  transporter  for  the 
enhanced  intestinal  permeability  of  a  renin-inhibitory  peptide  (ditekiren),  which  repre¬ 
sents  an  important  class  of  potential  antihypertensive  agents  that  are  reported  to  have 
poor  oral  bioavailability  [6].  Ditekiren-cholic  acid  conjugates  and  ditekiren-tauro- 
cholic  acid  conjugates  were  synthesized.  Conjugation  was  through  the  N-terminus  of 
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a  ditekken  and  the  3-poshion  of  the  bile  acid  via  a  six-carbon  spacer.  A  derivative  of 
ditekiren,  containing  the  spacer  without  the  bile  acid  moiety,  was  also  synthesized. 
The  ability  of  these  ditekiren  derivatives  to  bind  to  the  bile  acid  transporter  and  be 
transported  across  an  epithelial  cell  monolayer  was  evaluated  using  an  in  vitro  model 
of  the  intestinal  mucosa  consisting  of  Caco-2  monolayers  grown  on  microporous 
membranes  [7].  The  bile  acid  transporter  in  Caco-2  cells  was  recently  characterized 
by  our  laboratory  and  shown  to  have  properties  similar  to  those  of  the  transporter 
found  in  the  intestinal  mucosa  [8].  Both  the  ditekiren-cholic  conjugate  (Kj=6Q±10 
pM)  and  the  ditekiren-taurocholic  acid  conjugate  (Kj=19±5  pM)  were  shown  to  be 
potent  inhibitors  of  the  apical -to-basolateral  transport  of  [14C]-taurocholic  acid 
(fl4C]-TA).  These  ditekiren-bile  acid  conjugates  at  concentrations  up  to  250  pM  had 
no  effect  on  the  diffusion  of  [3H]-PEG  (800-1000),  which  is  a  marker  of  the 
paracellular  pathway.  The  ditekiren  derivative,  which  lacks  the  bile  acid  moiety,  had 
no  effect  on  [14C]-TA  transport  at  concentrations  up  to  250  pM.  When  the 
permeability  coefficients  of  the  ditekiren-bile  acid  conjugates  were  determined  using 
Caco-2  monolayers,  they  were  shown  to  be  six  times  less  than  that  of  [3H]-PEG 
(800-1000).  The  transport  of  the  cholic  acid  conjugate  of  ditekiren  was  also 
investigated  in  the  perfused  rat  ileum  and  its  disappearance  from  the  lumen  as  well  as 
the  appearance  in  the  blood  outflowing  from  the  mesenteric  vein  were  measured.  The 
ditekiren-cholic  acid  conjugate  was  not  detected  in  blood  samples  taken  from  the 
mesenteric  vein,  while  the  concentration  of  the  conjugate  in  intestinal  perfusate 
remained  almost  constant  during  the  perfusion  experiment  These  results  clearly 
show  that  the  ditekiren-bile  acid  conjugates  synthesized  in  this  study  retain  high 
affinity  for  the  intestinal  bile  acid  transporter,  but  do  not  undergo  transcellular 
transport.  Studies  are  currently  in  progress  in  an  attempt  to  elucidate  whether  uptake 
and/or  efflux  of  these  peptide-bile  acid  conjugates  limit  their  intestinal  permeability. 

Another  pathway  which  could  be  exploited  to  enhance  the  intestinal  absorption 
of  peptides  and  peptide  mimetics  is  that  of  passive  diffusion.  In  an  attempt  to 
determine  which  physicochemical  parameter  (lipophilicity  or  hydrogen  bonding 
potential)  is  the  major  determinant  of  the  intestinal  permeability  of  peptides  by 
passive  diffusion,  a  series  of  model  peptides  were  synthesized  and  their  permeabilities 
were  determined  using  an  in  situ  perfused  rat  ileum  model  [9]  and  a  cell  culture  model 
of  the  intestinal  mucosa  [10,  1 1]. 

The  model  peptides,  which  were  all  blocked  on  the  N-terminal  (acetyl,  Ac)  and 
the  C-terminal  (amide,  NH2)  ends,  consisted  of  D-phenylalanine  (F)  residues  (e.g., 
ACFNH2,  ACFFNH2,  AcFFFNH2).  To  alter  the  degree  of  hydrogen  bonding 
potential,  the  nitrogens  of  the  amide  bonds  were  sequentially  methylated  [e.g., 
AcFF(Me)FNH2,  AcF(Me)F(Me)FNH2,  Ac(Me)F(Me)F(Me)FNH2,  Ac(Me)F(Mc)F- 
(Me)FNH(Me)].  These  peptides  were  shown  not  to  be  metabolized  in  the  in  situ 
perfused  rat  ileum  system  or  the  Caco-2  cell  culture  system.  The  results  of  the 
transport  experiments  showed  that  there  were  no  correlations  between  die  apparent 
permeability  coefficients  determined  in  the  in  situ  perfused  rat  system  (Papp  values) 
or  the  Caco-2  cell  culture  system  (Pmono  values)  and  the  octanol-water  partition 
coefficients  of  the  peptides.  However,  good  correlations  were  observed  between  the 
Pmono  values  for  these  peptides  and  their  hydrogen  bond  numbers  and  the  Papp  and 
Pmono  values  and  their  partition  coefficients  in  heptane-ethylene  glycol  and  die 
differences  in  their  partition  coefficients  between  octanol-water  and  isooctane-watcr. 
The  latter  partitioning  systems  provide  an  estimate  of  hydrogen  bonding  potential. 
These  results  suggest  that  lipophilicity  may  not  be  the  major  factor  in  determining 
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die  intestinal  permeability  of  peptides  and  that  hydrogen  bonding  potential  may  also 
be  a  major  contributing  factor.  It  should  be  noted  that  a  good  correlation  was  also 
observed  between  die  Papp  values  determined  for  these  peptides  in  the  in  situ  perfused 
rat  ileum  model  and  the  Pmono  values  determined  in  the  in  vitro  cell  culture  model 
(Caco-2).  These  results  suggest  that  permeability  values  determined  in  the  Caco-2 
cell  culture  model  are  a  good  predictor  of  intestinal  permeability  of  peptides. 

The  structural  features  of  peptides  and  peptide  mimetics  that  provide  optimal 
interaction  with  their  pharmacological  targets  are  not  necessarily  the  same  structural 
features  that  ensure  optimal  oral  bioavailability.  Therefore,  medicinal  chemists  in 
collaboration  with  chug  delivery  and  drug  metabolism  scientists  need  to  dedicate  more 
effort  to  the  design  of  peptide  mimetics  having  structural  features  which  will  ensure 
optimal  oral  bioavailability.  Only  through  these  types  of  collaborative  interactions 
will  it  be  possible  to  rationally  design  peptide  mimetics  with  adequate  oral 
bioavailability  to  make  them  useful  therapeutic  agents. 
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Introduction 

Intracellular  or  transcellular  transport,  i.e.,  directly  through  the  endothelial  cell 
membrane,  is  die  principal  route  into  and  out  of  the  central  nervous  system  (CNS) 
because  of  the  existence  of  the  blood-brain  barrier  (BBB)  [1].  As  a  result,  the  BBB 
exhibits  a  low  permeability  to  hydrophilic  substances  such  as  peptides  that  do  not 
have  specific  transport  mechanisms.  Enzymes  are  also  present  in  die  BBB  [2],  and 
metabolically  unstable  substances  may  be  rapidly  degraded  before  they  could  teach  the 
brain  tissue  (enzymatic  BBB).  These  issues  have  called  for  the  development  of 
methods  for  delivering  peptides  into  the  CNS.  Invasive  strategies  that  involve  the 
implantation  of  an  intraventricular  catheter,  followed  by  delivery  into  the  ventricular 
compartment  [3],  or  the  intracarotid  infusion  of  high  concentration  of  osmotically 
active  substances  to  shrink  the  brain  capillary  endothelial  cells  to  open  the  tight 
junctions  [4]  suffer  from  serious  drawbacks  [S],  and  the  use  of  these  surgical  routes  is 
only  justified  for  some  life-threatening  conditions.  Previous  noninvasive  strategies 
involving  peptide  prodrugs  [3]  and  chimeric  peptides  [6}  have  severe  limitations  and 
are  unable  to  deliver  significant  amounts  of  the  desired  biologically  active  peptides 
into  the  CNS,  since  important  aspects  of  the  transport  through  the  BBB  are 
overlooked.  Although  prodrugs  may  provide  an  increase  in  lipophilicity,  their 
peptide  character  is  prevalent,  which  results  in  the  recognition  and  rapid  degradation 
by  peptidases.  Besides,  lipid-soluble  compounds  that  are  able  to  cross  the  BBB  can 
maintain  active  concentrations  in  the  CNS  only  if  their  blood  concentrations  are 
maintained  at  adequately  high  levels,  and  the  peptide  prodrug  will  be  removed  rapidly 
from  the  brain  upon  its  systemic  clearance.  The  CNS-delivery  by  chimeric  peptides 
relies  on  covalently  coupling  the  peptide  that  is  not  normally  transported  through  die 
BBB  to  a  suitable  transport  vector  (insulin,  transferrin,  catkmized  albumin,  etc.)  that 
undergo  carrier-  or  receptor-mediated  transcytosis.  However,  the  physiologically 
limited  transporter  capacity  (saturable)  prevents  pharmacologically  significant 
amounts  from  entering  the  brain.  To  deliver  peptides  into  the  brain,  our  enzyme- 
based  strategy  [7]  places  the  peptide  in  a  molecular  environment  through  attaching 
specific  functional  groups  that  permit  BBB  penetration  by  passive  transport,  provide 
protection  against  peptidases,  enhance  retention  in  the  CNS,  and  deliver  the 
biologically  active  peptide  to  die  site  of  action. 
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Results  ud  Discussion 

By  our  design,  brain-delivery  occurs  in  the  following  sequence:  (1)  the 
"packaged"  molecule  crosses  the  BBB  by  passive  transport,  and  within  the  CNS  (2) 
the  specific,  1,4-dihydrouigoaeUyl  targetor  is  converted  to  a  membrane-impermeable 
trigone llyl,  (3)  the  bioiabiie,  lipophilic  protection  is  removed  and  a  relatively  stable 
peptide  conjugate  remains  "locked-in,"  and  (4)  peptidases  process  the  conjugate  to 
release  the  peptide. 


R  as  methyl 

Fig.  1.  The  redox  targetor. 

The  peptide  (P)  is  modified  to  provide  increased  lipophilicity  through  bioiabiie 
functional  groups  which  are  susceptible  to  easy  removal.  The  targetor  (T),  a  specific 
functional  group  on  the  molecule,  also  enhances  BBB  penetration  and,  most 
importantly,  can  be  converted  by  enzymatic  oxidation  to  a  water  soluble,  lipid 
insoluble  quaternary  pyridinium  salt  (T+).  While  many  moieties  may  serve  such 
functions,  the  trigonellinate  <-»  1,4-dihydrotrigonellinate  redox  pairs  have  been  the 
most  useful  (Figure  1).  After  covalently  linking  to  nicotinic  acid,  this  derivative  is 
then  quaternized  to  generate  the  1-methylnicotinate  salt  or  trigonellinate,  and 
chemically  reduced  to  give  the  1,4-dihydrotrigonellinate  targetor.  This  moiety  is 
designed  to  undergo  an  enzymatically-mediated  oxidation  which  converts  the 
lipophilic,  membrane  permeable  dihydrotrigonellinate  to  a  hydrophilic,  membrane 
impermeable  trigonellinate  salt.  This  conversion  occurs  ubiquitously.  The 
mechanism  of  this  oxidation  is  analogous  to  tile  oxidation  of  NAD(P)H,  a  coenzyme 
associated  with  numerous  oxidoreductases  and  cellular  respiration  [8].  Should 
oxidation  occur  in  the  brain,  the  polar  targetor-peptide  conjugate  is  trapped  behind  the 
lipoidal  BBB  and  remains  "locked-in"  in  the  CNS.  The  attachment  of  the  redox 
targetor  alone  results  in  brain- specific  delivery  for  small  molecules  such  as  dopamine 
[10].  However,  the  targetor  will  not  furnish  sufficient  increase  in  lipid-solubility  to 
a  peptide,  and  will  only  protect  against  aminopeptidases.  The  unmodified  COOH- 
terminal  part  of  the  molecule  will  be  susceptible  to  cleavage  by  BBB  exo-  and 
endopeptidases  [2]. 

A  bulky  and  lipophilic  moiety  (L)  attached  to  the  COOH-terminus  of  the 
peptide  through  an  ester  bond  will  substantially  increase  the  lipid  solubility  and  also 
prevents  the  molecule  from  being  recognized  by  peptide-degrading  enzymes. 
Cholesteryl  esters  of  amino  acids  and  dipeptides  have  been  chemically  stable  to  be 
considered  as  suitable  protecting  functions  [10].  This  part  of  the  molecule  is  labile 
toward  esterase  and/or  lipase,  which  permits  its  removal  after  delivery. 
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Coupling  the  targe  tor  directly  to  the  N-terminal  residue  may  not  afford  the 
target  peptide  because  of  the  low  amidase  activity  of  the  brain  tissue.  Therefore,  a 
"spacer"  function  (S)  separating  the  peptide  sequence  to  be  delivered  (P)  from  the 
targetor  part  (T)  with  additional  amino  acid  residue  or  residues  is  applied.  This 
portion  of  the  molecule  should  be  selected  based  on  the  peptidolytic  activity  prevalent 
at  the  site  of  the  action,  so  that  release  of  the  desired  peptide  in  this  reaction  is 
favored  over  degradation  by  other  peptidases. 

We  have  designed  the  system  for  brain-delivery  of  the  analog  for  Leu-enkephalin 
(Tyr-Gly-Gly-Phe-Leu,  YGGFL)  considering  several  factors.  The  target  peptide  is 
prone  to  cleavage  and  deactivation  by  peptidases  at  the  Tyr1  end,  and  at  the  Gly3-Phe4 
position.  While  the  cleavage  at  Tyr  is  hindered  in  the  [D-Ala2]-analog,  the  bulky, 
lipophilic  steroidal  ester  (L)  gives  protection  against  enzymes  attacking  the  carboxy- 
terminus  during  BBB  transport.  Brain-targeting  is  achieved  by  attaching  the  targetor 
to  the  N-terminus  via  an  amide-type  covalent  bond.  Esterase  and/or  lipase  can 
remove  the  cholesteryl  part  after  penetration  into  the  brain.  The  involvement  of 
alanine- aminopeptidase  in  the  enkephalinergic  transmission  in  brain  [11]  justifies  the 
selection  of  L-Ala  as  (S)  that  allows  the  cleavage  of  the  enkephalin  analog  from  the 
expected  locked-in  molecule,  T*-AYAGFL.  The  receptor  binding  study  (competition 
with  [3H]-diprenorphine,  a  p-receptor  agonist)  confirmed  that  the  fully  packaged 
peptide  and  T+-A  YAGFL  has  low  affinity  to  opioid  receptors,  as  compared  to  the 
parent  peptide,  [D-Ala2]-Leu-enkephalin.  By  electrospray  ionization  mass 
spectrometry,  we  have  estimated  the  amount  of  the  "locked-in"  compound  T+- 
AYAGFL  to  be  about  600  pmol  per  gram  of  tissue  15  min  after  intravenous  (i.v.) 
administration  of  die  peptide  delivery  system  to  rats  [7].  In  tissue  collected  1, 2,  and 
4  hours  after  systemic  administration,  die  amount  of  targe  tor-peptide  conjugate  was 
decreased  with  approximately  40-  to  60-minute  half-life.  The  compound  was  not 
detectable  in  the  blood.  However,  in  vitro  experiments  showed  that  the  neutral 
endopeptidase  EC  3.4.24.1 1  (enkephalinase)  is  the  major  degrading  enzyme  resulting 
in  an  inactive  T*-AYAG  species  due  to  the  cleavage  at  the  Gly3-Phe4  bond. 
Carboxypeptidase  also  cleaves  the  conjugate  by  removing  the  C-terminal  (L)-Leus 
(T*-AYAGF).  Dipsptidyl  peptidase  (EC  3.4.14.5)  cleaves  the  primary  product  T*- 
AYAG  to  yield  T*-AY.  We  have  not  found  YAGFL  among  the  cleavage  products, 
although  a  small  amount  may  be  released  from  the  conjugate  in  the  CNS  in  vivo,  as 
inferred  from  the  slight  increase  of  the  latency  of  the  tail-flick  response  in  rats,  the 
measure  of  the  centrally-mediated  analgesia. 

The  undesirable  cleavages  leading  to  the  loss  of  central  activity  have  been 
prevented  by  die  use  of  the  metabolically  stable  [D-Ala2]-[D-Leu5]-enkephalin.  By 
obstructing  the  deactivating  cleavages  observed  with  the  [L-Leu^-analog,  a  slow  and 
sustained  release  of  the  biologically  active  peptide  (YAGFL)  has  been  observed  in 
vitro.  Also,  a  long-lasting  and  statistically  significant  increase  in  the  tail-fl.  k 
latency  has  been  obtained,  whereas  the  unmanipulated  enkephalin  analog  and  ti*. 
partially  conjugated  peptides  showed  no  effect  compared  with  the  animals  injected 
with  the  vehicle  solution.  About  20  s  increase  has  been  obtained  even  five  hours 
after  i.v.  administration,  compared  to  the  1Q±3  s  tail-flick  latency  of  the  control 
animals. 

In  die  centrally  active  thyrotropin-releasing  hormone  (TRH)  analog  Pyr-Leu- 
Pro-NHj,  no  free  hydroxy  or  amino  groups  are  present.  However,  TRH  itself  is 
derived  from  the  processing  of  a  precursor  polyprotein  [11].  The  TRH  progenitor 
sequences  (QHPG)  are  flanked  by  dibasic  residues  that  are  typical  sites  of  processing 
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by  carboxypeptidase  B-likc  enzymes  in  polyproteins.  The  C-terminal  glycine 
functions  as  an  amide  donor  for  the  proline  by  the  enzyme  peptide  glycine  alpha- 
amidadng  monooxygenase  (PAM).  Glutamine  is  the  precursor  of  the  N-terminal 
pyroglutamyl  residue.  Cyclizadon  of  the  N-terminal  glutamine  is  catalyzed  by  a 
specific  enzyme,  glutaminyl  cyclase.  Therefore,  we  have  incorporated  a  Gln-Leu-Rro- 
Gly  (QLPG)  progenitor  sequence  into  the  peptide  delivery  system.  The  hypothetical 
"locked-in"  precursor  Tf-AQLPG  is,  indeed,  processed  to  the  prolinamide,  as  validated 
in  vitro,  and  this  reaction  by  PAM  tissue  occurs  fast  in  the  brain.  Thus,  the 
processing  to  the  desired  TRH-analog  is  only  dependent  on  the  slow  release  of  Gln- 
Leu-Pro-NH2,  which  proceeds  similarly  to  that  of  the  enkephalin  analog  from  the 
"locked-in"  targetor-peptide  conjugate.  The  CNS-de livery  of  a  pharmacologically 
significant  amount  of  THR  analog  is  evidenced  by  the  profound  decrease  in  the 
barbiturate-induced  sleeping  time,  the  measure  of  the  activational  effect  on 
cholinergic  neurons,  in  mice.  At  equimolar  (30  pmol/kg)  dose,  the  i.v. 
administration  of  the  TRH  analog  showed  only  marginal  decrease  (limited  BBB- 
penetration),  while  the  CDS  with  (L)-Ala  and  Ala- Ala  spacers  has  resulted  in  ca.  30 
and  50%  reduction  in  the  sleeping  time,  respectively. 

In  conclusion,  our  approach  has  btrcn  the  first  noninvasive  strategy  that 
delivered  peptides  into  the  CNS  in  pharmacologically  significant  amounts.  Our 
findings  underscore  the  need  and  importance  of  controlling  transport  and  metabolism 
to  deliver  peptide-based  drugs  to  die  brain. 
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Introduction 

Most  peptide  hormones  have  a  C-terminal  a-amidated  residue  and  are  excised 
from  a  precursor  protein  at  the  level  of  a  signal  Gly-Lys-Arg  sequence.  A  cascade  of 
four  enzymes  is  involved  in  the  complete  maturation:  1)  a  dibasic  endopeptidase 
cleaving  after  the  pair  Lys/Arg-Arg;  2)  a  carboxypeptidase  B-like  enzyme 
(carboxypeptidase  E)  removing  the  two  basic  residues;  3)  a  glycine  monooxygenase 
converting  C-tenninal  glycine  into  hydroxyglycine;  and  4)  an  a-amidating  dealkylase 
that  splits  hydroxyglycine  whose  amino  group  becomes  the  amidated  group  of  the 
penultimate  residue. 

Neurohypophysial  hormones  are  nonapeptides  linked  in  their  precursors  to 
neurophysins  through  a  Gly-Lys-Arg  sequence  [1],  The  antidiuretic  hormone  is 
vasopressin  in  mammals  and  vasotocin  ((Ile3)-vasopressin)  in  all  non-mammalian 
tetrapods  [1],  Whereas  in  birds  and  reptiles  the  processing  of  provasotocin  is 
complete  and  only  mature  a-amidated  vasotocin  is  found,  in  anuran  Amphibia  that 
must  face  dehydration  because  of  the  particular  permeability  of  their  skin,  processing 
intermediates  termed  hydrins  have  been  identified  along  with  vasotocin. 

Results  and  Discussion 

The  four  processing  enzymes  have  now  been  located  in  neurohypophysial 
secretory  granules  (the  last  compartment  of  the  secretory  pathway)  of  the 
hypothalamo neurohypophysial  neurons  [1].  In  these  granules,  isolated  by  differential 
centrifugation  from  ox  and  rat  neurointermediate  pituitaries,  two  calcium-dependent 
endopepddases  displaying  predominantly  either  Lys-Arg  or  Arg-Arg  specificity,  but 
devoid  of  Lys-Lys  or  monobasic  specificity  have  been  identified  [2].  The  Lys-Arg 
enzyme,  more  abundant,  has  a  pH  optimum  near  5.5,  close  to  the  granule  pH  (5.8) 
whereas  the  Arg-Arg  would  be  more  active  near  pH  7.0  (near  the  trans-Golgi  pH). 
Two  forms  of  the  Lys-Arg  endopeptidase,  soluble  and  membrane-associated,  have 
been  detected.  Partitioning  into  Triton  X-114  suggests  that  the  second  form  is 
associated  to  the  membrane  through  a  C-terminal  amphiphilic  a-helix  [2]. 
Carboxypeptidase  E  and  a-amidating  enzyme  system  have  alro  been  identified  in  the 
granules  by  their  actions  on  specific  substrates,  hippuryl-L-arginine  and  D-Val-Tyr- 
Gly,  respectively  [3J. 
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The  differential  processing  of  prohormones  can  imply  any  of  the  four  enzymes 
of  the  cascade  and  can  be  related  either  to  the  cell  differentiation  or  to  a  particular 
evolutionary  adaptation.  In  amphibians,  a  down-regulation  affects  constitutively 
either  carboxypeptidase  E  (hydrin  1)  or  the  a-amidating  system  (hydrin  2)  in  the 
provasotocin  processing  [4]. 

Table  1  Hydroosmotic  activities  of  amphibian  neurohypophysial  hormones  on  frog 
tissues 


Neurohypophysial 

Skin  permeation  in  vivo 

Bladder 

Peptide 

Peptide 

Water 

permeation 

injected 

uptake 

in  vitro 

(pmol) 

(g/100g) 

(mU/pmol) 

Saline 

- 

0.2  ±  0.3 

- 

Vasotocin 

200 

7.0  ±  0.9 

20 

Hydrin  1  (Vasotocinyl-GKR) 

200 

4.4  ±  0.6 

18 

Hydrin  2  (Vasotocinyl-G) 

200 

8.7  ±  0.8 

20 

Partial  reconstitution  of  the  processing  in  vitro  has  been  carried  out  using 
purified  neurohypophysial  secretory  granules  from  ox  and  rat  pituitary  glands. 
Conversion  of  synthetic  vasopressinyl-Gly-Lys-Arg  into  vasopressinyl-Gly  has  been 
quantitatively  carried  out  using  carboxypeptidase  E  from  rat  granule  content  at  pH  S.S 
and  with  addition  of  1  mM  CoCl2  [3].  Vasopressinyl-Gly  has  been  converted  into 
mature  pharmacologically  active  vasopressin  using  the  a-amidating  enzyme  system 
from  the  same  granules  at  pHs  6  and  8  with  addition  of  1  mM  CuCl2  and  1  mM 
ascorbic  acid.  However,  the  conversion  yield  of  this  step,  estimated  from  the 
generated  pressor  activity  and  absorbance  in  HPLC,  is  low  (about  6-8%)  [3]. 

In  the  permanent  aquatic  Xenopus  laevis,  vasotocinyl-Gly-Lys-Arg  (hydrin  1) 
resulting  from  a  down-regulation  of  the  carboxypeptidase  E  has  been  characterized  [4]. 
In  10  European,  American,  African  and  Asiatic  frogs  and  toads  that  are  semi-aquatic 
or  terrestrial,  vasotocinyl-Gly  (hydrin  2)  resulting  from  a  down-regulation  of  the  a- 
amidating  enzyme  system  has  been  identified  [4,3].  Hydrins  1  and  2  have  no 
oxytocic  or  pressor  activities  in  contrast  to  vasotocin.  They  are  however  at  least  as 
active  as  vasotocin  on  the  water  permeation  of  frog  skin  and  frog  urinary  bladder 
(Table  1)  but  are  devoid  of  frog  anti-diuretic  activity  in  contrast  to  vasotocin. 
Hydrins  1  or  2  are  usually  found  in  molar  amounts  approximately  equal  to  that  of 
vasotocin.  However  the  molar  ratio  hydrin  2  to  vasotocin  reaches  2  in  toads  able  to 
withstand  desiccation  through  burrowing  [5]. 

It  is  suggested  that  water  homeostasis  of  amphibians  is  submitted  to  a 
cooperative  hormonal  control,  hydrins  acting  mainly  on  the  skin  for  the  water  uptake 
(external  water)  through  specific  receptors  whereas  vasotocin  operates  mainly  on  the 
kidney  tubule  for  reclaiming  urine  (internal  water).  Adaptation  has  been  realized  in 
amphibians  on  the  one  hand  by  a  differential  processing  of  provasotocin  giving  two 
distinct  hormones  from  a  single  precursor,  on  the  other  by  diversification  of  specific 
receptors  located  in  skin,  bladder  and  kidney  nephron. 
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Introduction 

During  viral  replication,  the  human  immunodeficiency  virus  (HIV  a  produces  a 
long  gag-pol  polyprotein  which  is  cleaved  during  viral  budding  into  smaller  proteins 
that  form  the  structural  elements  of  the  viral  progeny.  This  proteolytic  cleavage  is 
catalyzed  by  a  specific  HIV  aspartyl  protease  (HTV -PR)  and  must  occur  if  infectious 
virions  are  to  be  produced  [1],  HIV-PR  is  a  99  amino  acid  protein  and  specifically 
cleaves  Phe-Pro  or  Tyr-Pro  sequences  of  the  viral  proteins.  A  number  of  laboratories 
are  developing  inhibitors  of  this  protease  based  on  the  small  peptide  fragments  which 
conformationally  resemble  the  protease  binding  site  but  have  the  Pl-F  site  replaced 
by  non-hydrolyzable  structures  as  alternate  therapies  for  AIDS.  However,  such  small 
peptide  inhibitors  are  removed  extremely  rapidly  from  the  plasma  by  a  variety  of 
mechanisms  including  cellular  uptake  and  metabolism,  filtration  by  the  kidney  and 
urinary  excretion  or  destruction  by  the  proximal  tubule  cells  of  the  kidney. 
Furthermore,  they  lack  the  ability  to  target  infected  cell  populations  such  as 
macrophages  and  to  penetrate  cell  membranes.  The  present  study  was  undertaken  to 
evaluate  the  effects  of  lipid  conjugation  on  in  vitro  antiviral  activities  and  in  vivo 
pharmacokinetics  of  small  peptide  based  inhibitors. 

Results  and  Discussion 

H-(D-PheHD-a-Nal>-Pip-<a-(OH)-Leu)-Val-NH2  (7169),  iBoc-{D-Phe)-(D-a- 
Nal)-Pip-(a-(OH)-Leu)-Val-NH2  (7140),  iBoc-Phe-(D-^-Nal)-Pip-(o-(OH>Leu)-Val- 
OH  (7194)  and  iBoc-Phe(4-Br)-(D-^-Nal)-Pip-(a-(OH>Leu)-Val-OH  (7195)  were 
prepared  by  the  Merrifield  solid  phase  method  [2]  and  purified  to  greater  than  95% 
purity.  1,2-Diptflmitoyl-sn-glycero-phosphatidylethanolamine  (DPPE)  was  reacted 
with  succinic  anhydride  to  give  DPPE-succinic  acid  which  in  turn  was  coupled 
(DCC/HOBt)  with  7169  to  provide  DPPE-succinyl-(D-PheHD-<J-Nai)-Pip-(a-(OH)- 
Leuj-Val-NRj  (7172).  7194  and  7195  were  conjugated  (DCC/HOBt)  to  the  amino 
group  of  DPPE  to  provide  iBoc-Phe-(D-^-Nal)-Pip-(a-(OH)-Leu)-Val-DPPE  (71%) 
and  iBoc-Phe(4-BrMD-f$-Nal)-Pip-(a-(OH)-Leu)-Val-DPPE  (7197),  respectively. 


C.  Basova  el  aL 


Peptide  Pharmaceuticals 


7195  and  7197  were  analytically  tri  Hated  to  provide  iBoc-Phe(3H)-(D-^-Nal)-Pip-<a- 
(OH>Leu)-Val-OH  (3H-7194)  and  iBoc-PheCSHHD-p-NaD-PilKa-COHVUu^Val- 
DPPE  (Hl-7196),  respectively. 

Table  1  Antiviral  activities  of  peptides  and  their  lipid  conjugates 


No.  Structure 


ICjoOiM) 


7140  iBoc-(D-Phe)-(D-a-Nal)-Pip-(a-{OH>Leu)-Val-NH2  14.0  ±  4.6  (6) 

7172  DWE-succinyl-H-(I>-Plie)-(D-a-Nal)-Pip-{a-(OH>Leu)-Val-NH2  15.3  ±  8.1  (3) 

7 1 94  iBoc-Phe-(D-P-Nal)-Pip-(a-{OH>Leu)-Val-OH  1 1 .5  ±  6.2  (5) 

7 1 96  iBoc-R«e-(D-P-Nal)-Pip-(a-(OH)-Leu)- Val-DPPE  9.6  ±  4.6  (5) 


Antiviral  activities  of  the  peptides  were  determined  by  the  plaque  reduction  assay  using 
HIV  1  (lav)- infected  HT-64C  cells  [3], 

As  shown  in  Table  1,  the  peptide  inhibitors,  7140  and  7194,  and  their 
corresponding  prodnigs,  7172  and  7196,  showed  almost  identical  antiviral  activities 
in  the  plaque  reduction  assay.  This  data  indicates  that  lipid  prodrugs  prepared  by 
conjugating  DPPE  to  the  N-terminal  or  C-terminal  of  small  peptides  retain  full  in 
vitro  antiviral  activity. 


Table  2  Plasma  concentrations  and  T 1/2  of  7194  and  its  lipid  conjugate  7196 


No.  Structure 

T  1/2 

AUC 

(nmol.hr/ml) 

3H-7194  iBoc-Phe(3HHD-P-Nal)-Pip-(a-(OH>Leu>-Val-C)H 

0.069  hr 

0.317 

3H-7196  iBoc-Phe(3HHI>-P-Nal}-Pip-<a-<OH)-Leu)-Val-DPPE 

1.880  hr 

24.33 

(3H-7194)  and  (3H-7196)  were  administered  (IV)  to  mice  at  3.0  pmol/kg  and  plasma  levels 
at  various  time  intervals  were  measured  by  radiometric  detection.  Plasma  half  lives  (T  1/2) 
and  plasma  concentrations  were  calculated  based  on  these  determinations. 


Pharmacokinetic  studies,  summarized  in  Table  2,  indicate  that  the  free  peptide, 
3H-7194,  is  removed  from  circulation  very  rapidly  while  its  C-terminal  lipid  prodrug 
(3H-7196)  is  present  in  the  body  for  a  significantly  long  period  of  time.  Plasma  half 
life  is  increased  27  fold  by  converting  the  peptide  to  the  lipid  prodrug.  Also,  plasm* 
concentration  of  die  prodrug  as  measured  by  the  area  under  the  curve  is  almost  80  fold 
higher  than  that  for  the  free  peptide.  Possible  reasons  for  improved  pharmacokinetic 
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behavior  of  the  lipid  prodrugs  are:  metabolism  and  removal  from  circulation  is 
slower  for  die  lipid  conjugate  compeed  to  the  free  peptide. 

Peptide  prodrugs  prepared  by  conjugating  small  peptides  to  lipid  groups  appear 
to  exhibit  no  loss  of  in  vitro  antiviral  activity  and  improved  in  vivo  pharmacokinetic 
behavior  and  may  form  a  basis  for  the  design  of  novel  therapeutic  agents. 
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Introduction 

The  transport  of  small  peptides  across  the  plasma  membrane,  a  phenomenon 
shown  to  occur  in  a  range  of  procaryotes  and  eucaryotes,  is  mediated  by  specific 
proteins  in  an  energy  dependent  fashion.  Peptide  transport  systems  have  been  well 
studied  in  prokaryotes,  especially  Escherichia  coli  (colon  bacteria)  and  Salmonella 
typhimurium  where  several  genes  have  been  cloned  and  characterized  [1, 2],  However 
very  little  is  known  about  the  genes  responsible  for  peptide  transport  in  eucaryotes. 
In  Saccharomyces  cerevisiae  (baker's  yeast)  at  least  three  genes  are  requited  for 
peptide  transport:  PTR1,  PTR2  and  PTR3  [3],  Strains  carrying  a  mutation  in  one  of 
these  genes  are  resistant  to  the  toxic  dipeptide  alanyl-ethionine  and  are  unable  to 
utilize/transport  dipeptides,  such  as  Lys-Leu  and  His-Leu,  in  order  to  satisfy  their 
auxotrophic  requirements.  We  report  die  cloning  of  peptide  transport  genes  from 
Saccharomyces  cerevisiae  and  Candida  albicans  by  functional  complementation  of 
peptide  transport  mutants  of  Saccharomyces  cerevisae.  The  structure  of  these  genes 
will  provide  clues  to  the  understanding  of  peptide  transport  in  eucaryotes  which  is 
essential  for  rational  design  of  peptide- based  drugs. 

Results  and  Discussion 

The  peptide  transport  mutants  ptrl  and  ptr2  woe  used  to  screen  plasmid  based 
genomic  libraries  of  S.  cerevisiae  and  C.  albicans.  Transformants  were  selected  by 
the  ability  to  grow  on  Lys-Leu  containing  minimal  medium.  These  transformants 
were  able  to  utilize  other  di peptides  in  order  to  satisfy  their  requirements  for  certain 
amino  acids  and  wore  also  sensitive  to  toxic  dipeptides,  such  as  alanyl-ethionine, 
leucyl-ethkmine  and  leucyl-m-fluorophenylalanine,  like  the  wild-type  (PTR)  S288C 
strain  (Table  1).  In  addition,  transformants  were  able  to  transport  radiolabeled 
dileucine  at  levels  comparable  to  the  wild  type  while  die  mutant(s)  or  die  control 
strain(s)  foiled  to  accumulate  the  radiolabeled  substrate  (Table  2).  These  results 
indicate  the  restoration  of  peptide  transport  to  the  relevant  mutants  by  the  cloned 
genes  PTR1  and  PTR2  from  S.  cerevisiae  and  by  a  C.  albicans  peptide  transport 
gene. 
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PTR1  has  been  localized  to  the  right  arm  of  chromosome  VII  of  S.  cerevisiae 
while  PTR2  has  been  localized  to  chromosome  XI  of  this  yeast  Southern  analysis 
indicates  that  both  are  present  at  unique  loci  within  the  S.  cerevisiae  genome.  The 
sequence  of  the  encoded  protein  indicates  that  PTR2  may  be  related  to  ABC 
transporters  characterized  by  multiple  membrane  spanning  domains  and  ATP-binding 
sites  and  to  the  nitrate  transporter  of  the  plant  Arabidopsis  thaliana. 

Table  1  Phenotype  of  Saccharomyces  cerevisiae  transformants 


Strains 

Relevant 

genotype 

Plasmid 

Dipeptides* 

Leu-Leu  Lys-Lys  Lys-Leu 

Toxic  Dipeptidesb 

Ala-Eth  Leu-Eth  Leu-F-Phe 

S288CC 

PTR 

None 

+ 

+ 

+ 

S 

S 

S 

PB4X-5B 

PTR1 

None 

- 

- 

- 

R 

R 

R 

PB1X-9B 

PTR2 

None 

- 

- 

- 

R 

R 

R 

PB4X-5B 

PTR1 

YCpSO*1 

- 

- 

- 

R 

R 

R 

PB4X-5B 

PTR  I 

pKA2* 

+ 

+ 

+ 

S 

S 

S 

PB1X-9B 

PTR2 

YCp50 

- 

- 

- 

R 

R 

R 

PB1X-9B 

PTR2 

pJP9f 

+ 

+ 

+ 

S 

S 

S 

PB1X-9B 

PTR2 

YEp24* 

- 

- 

- 

R 

R 

R 

PB1X-9B 

PTR2 

pMB3h 

+ 

+ 

+ 

S 

S 

S 

•The  growth  response  is  measured  in  minimal  medium  containing  the  dipeptide  instead  of 
the  required  amino  acid.  The  +  symbol  indicates  growth  and  the  -  symbol  indicates  no 
growth.  bSensitivity  to  toxic  dipeptides  was  measured  using  disk  assay  as  described  by 
Island  et.  al.  [4],  S  indicates  sensitivity  to  toxic  effects  of  dipeptides  and  R  indicates 
resistance.  CS288C  is  wild-type  S.  cerevisiae  with  a  fully  functional  peptide  transport 
system.  dYCp50  plasmid  is  a  yeast-E.  coli  shuttle  vector  which  contains  the  S.  cerevisiae 
URA3  selectable  marker  mid  is  maintained  at  a  low  copy  number  in  the  host  epKA2  is 
plasmid  YCp50  containing  S.  cerevisiae  PTR1  gene.  fpJP9  is  plasmid  YCp50  containing 
S.  cerevisiae  PTR2  gene.  *YEp24  plasmid  is  a  yeast -E.  coli  shuttle  vector  which  contains 
the  S.  cerevisiae  UR  A  3  selectable  marker  and  is  maintained  at  a  high  copy  number  in  the 
host.  hpMB3  is  plasmid  YEp24  containing  C.  albicans  PTR2  gene. 

Table  2  Transport  cfLrleucyl-L-[3H]leucyl  in  S.  cerevisiae  transformants 


Strains*  Plasmid b  Uptake  of  dileucine11  (nmoles/mg  cell  wt) 


0.23  min. 

1  min. 

2  min. 

3  min. 

S288C 

None 

0.03 

0.28 

0.41 

0.57 

PB4X-5B 

None 

0.01 

0.02 

0.02 

0.02 

PB4X-5B 

YCp50 

0.02 

0.03 

0.03 

0.04 

PB4X-5B 

pKA2 

0.04 

0.25 

0.39 

0.60 

PB1X-9B 

None 

0.02 

0.03 

0.02 

0.02 

PB1X-9B 

YCp50 

0.03 

0.03 

0.02 

0.02 

PB1X-9B 

pJP9 

0.06 

0.26 

0.40 

0.58 

PB1X-9B 

YEp24 

0.01 

0.01 

0.02 

0.02 

PB1X-9B 

pMB3 

0.04 

0.22 

0.36 

0.42 

•For  relevant  genotype  refer  to  Table  1.  bFor  details  of  the  plasmid  refer  to  Table  1. 
CL-Ieucyl-L-[3H]  leucine  uptake  was  determined  as  described  by  Basrai  et  al.  [5]. 
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These  findings  represent  the  first  eucaryotic  genes  cloned  for  transport  of  small 
peptides.  The  characterization  of  these  genes,  combined  with  the  dotting  of  other 
genes  involved  in  transport  of  peptides,  will  provide  a  better  understanding  of  peptide 
transport  in  eucaryotes. 
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Introduction 

Vasoactive  intestinal  peptide  (VIP)  is  an  octacosapeptide  of  the  glucagon/ 
secretin  family.  VIP  is  present  in  nerve  fibers  supplying  the  smooth  muscle,  blood 
vessels,  and  submucosal  glands  in  the  trachea,  bronchi,  and  bronchioles  [1].  There  is 
significant  evidence  that  VIP  may  be  the  endogenous  mediator  of  bronchial  smooth 
muscle  relaxation  in  human  airways  linking  VIP  to  the  disease  of  asthma  [2]. 
Reports  from  these  laboratories  [3-5]  have  described  our  work  toward  determining  die 
solution  structure  of  VIP,  identifying  the  functional  elements  involved  in  binding  of 
VIP  to  its  receptor,  and  establishing  the  metabolic  pathways  which  function  in  the 
pulmonary  system.  In  the  present  study,  we  have  developed  a  VIP  analog  which 
exhibits  high  potency  and  enhanced  in  vivo  duration  of  action. 

Results  and  Discussion 

Native  VIP  is  degraded  in  both  human  and  guinea  pig  BAL  fluid  by  enzymatic 
cleavage  primarily  between  Ser25  and  lie26  [5].  In  order  to  stabilize  this  site  to 
proteolysis,  a  series  of  VIP  analogs  were  synthesized  and  their  degradation  halftimes 
were  compared.  Incorporation  of  D- residue  or  N-alkylated  amino  acids  failed  to 
significantly  alter  the  degradation  halfrimes.  However,  formation  of  a  cyclic  structure 
between  the  side-chains  of  Lys21  and  Asp23  yielded  compounds  with  enhanced 
metabolic  stability.  From  SAR  studies,  the  VIP  analog  Ro  25-1553, 

Ac-[Glu8,Lysl2JNlel7,Alal9,Asp23,Leu26,Lys27-2*,GIy29'30,Thr3,]-VIP  cyclo  (Lys21 
— »  Asp23),  has  emerged  as  a  lead  compound.  This  compound  was  profiled  as  an 
airway  smooth  muscle  relaxant  and  bronchodilator  with  comparison  to  two  fl- 
agonists,  salbutamol  and  salmeterol,  ami  to  native  VIP. 

The  relaxant  effects  of  VIP,  Ro  25-1553,  salbutamol,  and  salmeterol  on  resting 
tone  in  isolated  guinea  pig  tracheal  smooth  muscle  was  examined.  All  four  test 
compounds  exhibited  concentration-dependent  relaxations  and  produced  100%  of  the 
maximal  relaxation  obtainable  with  isoproterenol.  The  rank  order  of  potency  was 
Ro  25-1553  >  salbutamol  >  VIP  >  salmeterol  (1:12:53:77)  as  evidenced  by  ECjq 
values  of  0.3, 3.5, 16  and  23  aM,  respectively. 

Relaxant  experiments  were  performed  on  isolated  human  bronchial  tissue  from 
organ  donors.  Each  of  the  VIP  agonists  and  p-adrenoceptor  agonists  were 
comparatively  evaluated  for  their  ability  to  relax  histamine-induced  contractions  of 
human  bronchial  smooth  muscle.  As  shown  in  Figure  1,  all  four  compounds  when 
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Coaceatralkm  (*M) 


Pig.  1.  Cumulative  relaxation  concentration-response  curves  (n=6)  for  Ro  25-1553  (0), 
saRnUamol  (A),  sabneterol  (0%  and  VIP  (O)  in  isolated  human  bronchial  smooth  muscle 
precontracted  with  hisiamim  (0.3  mM).  Relaxant  responses  are  expressed  as  a  percentage 
of  the  maximum  obtainable  relaxation. 


Fig.  2.  Comparison  of  the  time  course  (n*6)  of  inhibition  by  Ro  25-1553  (0),  VIP  (O), 
salkutamol  (A),  and  sahneSerol  (0)  of  histamine-induced  bronchoconstriction  in 
anesthetized  guinea  pigs.  The  time  between  administration  of  compound  (300  pg)  and 
submguent  chatiettge  with  histamine  (SO  pgAg,  Lv.)  was  varied. 
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added  cumulatively  to  human  bronchus  preparations  in  vitro  caused  concentration- 
dependent  relaxations.  Ro  25-1553  showed  full  intrinsic  activity,  while  salbutamol, 
salmeterol  and  VIP  showed  partial  intrinsic  activity  on  human  bronchial  segments. 
Indeed,  concentrations  of  VIP  as  high  as  10  |iM  produced  only  62%  of  the  maximal 
relaxation.  On  isolated  preparations  of  human  bronchial  tissue,  the  rank  order  of 
potency  was:  Ro  25-1553  >  salbutamol  «  salmeterol  >  VIP  (1:29:34:385)  as 
evidenced  by  ECjq  values  of  20,  570,  680  and  7700  nM,  respectively.  In  human 
bronchial  smooth  muscle,  Ro  25-1553  is  about  385  times  more  potent  than  native 
VII 

The  ability  of  these  compounds  to  prevent  histamine  (50  )tg/kg)-induced 
bronchoconstriction  in  guinea  pigs  was  examined.  Upon  acute  intratracheal 
instillation,  Ro  25-1553,  VIP,  salbutamol,  and  salmeterol  each  caused  dose-dependent 
inhibition  of  bronchospasms  evoked  by  histamine.  Ro  25-1553  was  capable  of 
producing  nearly  100%  inhibition  indicative  of  a  full  agonist  with  high  efficacy. 
Comparison  of  the  resultant  ED*  values  show  the  order  of  decreasing  potency  for  the 
four  bronchodilators  against  histamine  was:  Ro  25-1553  »  salmeterol  >  VIP  > 
salbutamol  (1:2:76:470).  Ro  25-1553  was  markedly  superior  to  native  VIP  and  the 
two  fi- agonists  as  a  bronchodilator  in  vivo. 

The  time  courses  of  bronchodilator  activity  of  Ro  25-1553,  VIP,  isoproterenol, 
and  salmeterol  were  compared  following  administration  of  a  single  intratracheally 
instilled  dose  of  300  pg.  As  illustrated  in  Figure  2,  only  Ro  25-1553  produced  long- 
lasting  inhibition  of  bronchoconstriction  evoked  by  exogenous  histamine.  Although 
maximal  pharmacological  effects  were  apparent  within  1  min  after  instillation  of  all 
four  bronchodilators,  statistically  significant  inhibition  was  evident  with  Ro  25-1553 
for  greater  than  240  minutes  compared  with  short  durations  of  action  for  VIP, 
salbutamol,  and  salmeterol  (approximately  5  min)  in  this  model. 

These  studies  demonstrate  that  Ro  25-1553  expresses  its  bronchodilator  activity 
on  VIP  receptors  in  a  number  of  in  vitro  pharmacological  assays  and  this  activity 
extendi  in  vivo  where  it  has  been  shown  to  be  active  by  intratracheal  instillation 
against  a  potent  spasmogen.  If  the  bronchodilator  potency  of  Ro  25-1553  coupled 
with  its  long  duration  of  action  translate  to  the  in  vivo  situation  in  man,  this  unique 
VIP-like  peptide  has  the  potential  to  be  clinically  efficacious  in  the  treatment  of 
bronchospastic  diseases,  such  as  asthma. 
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Introduction 

Transluminal  angioplasty  of  stenosed  arteries  with  balloon  catheters  is  a  very 
important  therapeutic  procedure  e.g.  for  the  prevention  of  cardiac  infarction. 
Angioplasty  and  all  other  vascular  remodeling  techniques  are  however  beset  by  a  one 
third  incidence  of  clinically  significant  restenosis  [1],  due  to  proliferation  of  vascular 
smooth  muscle  cells  (VSMC)  after  vascular  injury  resulting  in  formation  of 
substantial  neointima.  This  myoproliferative  response  has  been  significantly  reduced 
in  animal  models  by  administration  of  Angiotensin  Converting  Enzyme  inhibitors 
(ACEi)  [2],  and  has  been  completely  suppressed  by  intralesional  infusion  of  Br3Ang, 
a  potent  non-seiective,  peptidic  angiotensin  II  (Ang)  antagonist  [3],  establishing  thus 
the  essential  Ang  mediation  of  this  myoproliferative  response.  BrsAng  or 
[Sar1,Val\Phe(2',3,,4',5\6'  )*]Ang  is  a  peptidic  Ang  antagonist  which  has  a  long 
duration  of  action  vivo  us  an  anti-hypertensive  in  the  periphery  [4],  as  well  as 
centrally  [5].  With  ,ecent  development  of  selective,  non-peptide  Ang  antagonists 
[6],  the  tools  were  av^lable  for  the  determination  of  the  Ang  receptor  types  (AT,  or 
ATj)  responsible  for  the  Ang  mediation  of  this  stenotic  process.  After  balloon 
angioplasty  of  the  left  carotid  artery  of  male  Sprague-Dawley  rats,  the  selective,  non¬ 
peptide  Ang  antagonists,  losartan  (AT,  selective)  and/or  PD123319  (AT2  selective) 
were  continuously  infused  for  two  weeks  into  this  artery  by  Alzet  mini-osmotic 
pumps.  The  carotid  arteries  were  perfusion  fixed,  excised,  embedded  in  paraffin  and 
semithin  sections  (7pm)  were  prepared.  After  hematoxylin-eosin  coloration, 
morphometric  analysis  of  neointima  formation  was  performed  using  a  computerized 
digitizer  (program  Bioquant,  R  &  M  Biometrics). 

Results  sad  Discussion 

In  Figure  1,  typical  cross-sections  of  rat  carotid  arteries  14  days  after  balloon 
angioplasty  show  the  great  difference  between  controls  having  undergone  angioplasty 
(Cont(+))  and  controls  having  undergone  no  angioplasty  (Cont(-)).  A  highly 
significant  degree  of  stenosis  is  present  in  the  Cont(+)  group.  Also,  die  superior 
capacity  of  BrjAng  over  losartan  to  prevent  neointima  formation  is  shown.  Figure  2 
is  a  histogram  representing  the  mean  neointima!  thickness  of  the  respective 
experiment^  groups.  There  is  a  significant  difference  (p<  0.03)  between  the  Cont(+) 
group  and  all  treated  groups  except  for  the  PD  1233 19  treated  group.  The 
ineffectiveness  of  this  AT2  selective  compound  to  prevent  neointima  formation  leads 
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us  to  conclude  that  the  action  of  Ang  on  this  my oproli feration  is  not  mediated  via  the 
AT2  receptor.  On  the  other  hand,  the  intralesional  administration  of  an  AT,  selective 
antagonist,  losartan,  significantly  reduced  the  myoprolifentive  response  of  VSMC 
after  angioplasty  therefore  indicating  an  action  through  the  AT,  receptor.  A 
combination  infusion  of  PD123319  and  losartan  produced  a  neointima  reduction 
identical  to  that  obtained  by  losartan  alone  therefore  excluding  a  synergistic  action. 
However,  the  non-selective,  peptidic  Ang  antagonist,  BrsAng,  reduced  the  post- 
angioplastic  response  to  a  significantly  (p<  0.03)  greater  degree  than  the  reduction 
obtained  with  losartan.  It  is  therefore  concluded  that  this  VSMC  response  is  mainly 
but  not  exclusively  AT,  mediated,  that  AT2  mediation  has  no  contribution  to  this 
process  and  that  yet  unknown,  other  Ang  receptors  may  contribute.  In  contrast  to 
this  finding,  it  has  been  reported  [7]  that  the  AT2  receptor  type  may  be  involved  in 
the  mediation  of  this  process.  These  results  were  obtained  by  infusing  another  AT2 
selective  compound  in  the  perivascular  space.  There  are,  however,  two  major  flaws 
in  this  approach:  firstly,  there  was  no  control  group  with  this  infusion  method,  and 
secondly,  the  very  high  dose  used  would  seem  to  affect  the  AT,  receptor  type  [8], 


Fig.  1.  Typical  cross-sections  of  rat  carotid  arteries  14  days  after  balloon  angioplasty. 

A .  Cont(-):  group  of  rats  having  undergone  neither  angioplasty  nor  drug  treatment. 

B.  Cont(*):  rots  receiving  no  drug  treatment  after  angioplasty. 

C.  Losartan  (DUP753):  rats  receiving  12.5  pg/hr/rat  of  losartan  (La.)  after  angioplasty. 

D.  Rats  receiving  5  pg/hr/rat  of  Br^Ang  (La.)  after  angioplasty. 

The  above-presented  results  suggest  that  non-selective  Ang  antagonists  are 
probably  the  best  drug  candidates  for  the  prevention  of  restenosis  after  vascular 
remodeling  procedures  like  coronary  angioplasty. 
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Fig.  2.  Histogram  representing  the  mean  neointimal  thickness  ( area/perimeter )  14  days 
after  angioplasty  (x70).  Cont(-):  group  of  rats  having  undergone  neither  angioplasty  nor 
drug  treatment.  Cont(+):  rats  receiving  no  drug  treatment  after  angioplasty.  Losartan 
(DUP753):  rats  receiving  losartan  after  angioplasty.  Dup  A  PD:  rats  receiving  a 
combination  of  losartan  and  PD123319  (same  concentrations  as  each  drug  alone). 
PD123319:  rats  receiving  6.25  pg/hr/rat  of  PD123319  after  angioplasty.  Br^Ang:  rats 
receiving  Br^Ang  after  angioplasty. 
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Introduction 

Previous  research  has  shown  that  linear  oligopeptides  can  cross  epithelial 
membranes  at  high  rates  [1].  There  are,  however,  few  correlations  between  the  rates 
of  absorption  of  the  oligopeptides  and  their  physical  properties.  As  a  result,  it  is  not 
possible  to  increase  the  oral  activity  of  a  peptide  based  drug  by  the  methods  of 
rational  drug  design.  To  learn  which,  if  any,  physical  properties  are  correlated  with 
passage  through  the  gut  membrane,  a  homologous  series  of  six  cyclic  dipeptides  of 
the  form  cycio-[Gly-D-Aaa],  where  the  side  chain  of  the  Aaa  residue  varied  from  H  to 
C6H12,  were  synthesized  ami  their  rates  of  passage  across  membranes  of  the  human 
gut  were  measured. 

Results  and  Discussion 

Radiolabeled  cyclic  dipeptides  (Table  1)  were  synthesized  by  coupling  the  Boc- 
D -amino  acid  with  [3H]Gly-OEt  using  WSCI.  Deprotection  with  TFA  and 
cyclization  (NHj/E^N)  furnished  the  cyclic  dipeptide  with  a  specific  activity  of  10 
Ci/mol.  Chemistry  developed  by  Evans  [2]  was  used  to  prepare  D-Ile(4Me).  The 
permeability  coefficient,  Be  for  each  cyclic  dipeptide  was  determined  using  a  modified 
Ussing  chamber,  where  PC  x  [peptide]  *  rate  of  passage  of  the  tritium  labeled  peptide 
across  a  T-84  cell  monolayer.  To  control  for  variability  of  Pc  within  the  same  cell 
lines,  values  of  Pe  are  normalized  to  cyc&KD- Val-Gly).  Observed  and  normalized  Pe 
values  are  shown  in  Table  1. 


Table  1  Permeability  data,  Pe,  tipophilicities  (K^  for  an  octanol/Ringers  system) 
and  calculated  volumes  (from  QUANTA)  for  cyclic  dipeptides 


Compound 

Observed  Pe 
(nm/s),  ±  1  SD 

Normalized  Pe 
(nm/s),  ±  1  SD 

#  samp. 

Volume, 

A3 

cyclo-(  Gly-Gly) 

5.6  ±1.9 

7.7  ±  2.4 

5 

0.013 

90.6 

cydo-(D-Val-Gly) 

10.3  ±  4.4 

10.3 

27 

0.151 

136 

cycfo-(D-Val(3MeK31y) 

11.8  ±  2.7 

11.8  ±  19 

4 

0.339 

147 

cycfo-(D-Ile-Gly) 

14.8  ±  6.9 

13.9  ±  19 

4 

0.501 

147 

cyclod.  D-Ile(4Me)-Gly) 

21.6  ±  7.6 

29.0  ±  16.8 

6 

1.148 

162 

cyclo-(D~Cbe-Gly) 

30.6  ±  7.4 

48.2  ±  115 

5 

2.089 

173 

♦Current  Address:  Advanced  Magnetics,  Inc.,  61  Mooney  St,  Cambridge,  MA  02139, 
U.S.A. 
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Fig.  1.  Correlation  of  permeability  coefficient  and  lipophilicity  for  cyclic  dipeptides. 
The  equation  shown  is  for  the  best  fit  of  the  data 

When  the  concentration  was  varied  for  a  single  cyclic  dipeptide,  the  flux  rates 
were  shown  to  be  linearly  related  to  concentration.  The  rate  of  passage  (flux)  was 
also  independent  of  direction:  mucosal  to  serosal  or  vice  versa.  These  observations 
are  consistent  with  a  diffusion  controlled  absorption  mechanism.  The  integrity  of  the 
cell  monolayer  was  monitored  by  electrical  resistance  and  by  [14C]inulin  flux. 
HPLC  with  a  radioactive  flow  monitor  was  used  to  verify  that  the  peptide  was 
transported  through  the  membrane  intact 

It  is  a  common  understanding  that  lipophilicity  is  an  important  factor  for 
determining  how  well  a  drug  is  absorbed  from  the  gut.  Lipophilicities  of  the  cyclic 
dipeptides  were  obtained  (K^,  Table  1)  and  range  from  0.013  to  2.089.  When 
values  of  Pe  are  {dotted  against  K^,  the  data  are  highly  correlated  (r2  -  0.99,  see 
Figure  1).  The  simplest  interpretation  of  the  data  is  diffusion  into  and  out  of  a 
membrane  bilayer  as  shown  in  Figure  2  (model  1).  The  cyclic  dipeptide  first  diffuses 
into  the  cell  membrane,  and  then  diffuses  out  to  either  the  serosal  or  mucosal 
chamber.  This  model  assumes  that  the  equilibrium  between  the  membrane  layer  and 
the  outer  aqueous  phase  is  the  limiting  factor  for  diffusive  uptake  of  the  cyclic 
dipeptide. 

An  alternative  model  is  shown  in  Figure  2  (model  2),  wherein  the  cyclic 
dipeptide  penetrates  the  outer  cell  membrane,  diffuses  across  die  cell  in  a  rate 
controlling  step,  and  then  diffuses  out  of  the  cell.  The  dependence  of  Pe  on  factors 
associated  with  diffusion  through  die  cell  such  as  volume  is  important  in  this  model. 
To  estimate  the  effect  of  volume  on  the  observed  Pe's,  the  compounds  were  modeled 
using  the  QUANTA  molecular  mechanics  package.  The  calculated  molecular 
volumes  for  the  minimized  structures  are  given  in  Table  1.  The  plot  of  molecular 
volume  versus  permeability  gives  a  poor  correlation  (r  <  0.6),  supporting  the  more 
simple  model  for  absorption  of  cyclic  dipeptides. 
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Fig.  2.  Two  models  for  diffusion  mediated  absorption  of  cyclic  dipeptides  across  gut 
epithelial  membranes.  Model  1,  simple  diffusion,  and  model  2,  diffusion  mediated  by 
intracellular  effects. 


Permeability  and  absorption  in  humans  have  been  compared  for  a  number  of 
drugs  [3].  The  data  reported  can  be  fitted  to  an  equation  (Eq.  1)  which  shows  that  for 
Pe  greater  than  30  nm/s,  absorption  is  nearly  100%,  while  for  compounds  with  Pe 
less  than  10  nm/s,  the  percentage  of  absorption  drops  to  zero.  According  to  Eq.  1, 
the  cyclic  dipeptides  repented  here  range  in  absorption  from  1  -  90%.  This  modeled 
dependence  of  absorption  on  changes  in  cyclic  dipeptide  structure  shows  how 
quantitative  structure  activity  relationships  can  be  used  to  enhance  the  oral  activity  of 
cyclic  dipeptides. 

_  ..  100  „  . 

%  Absorption  =  — Eq.  1 
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Introduction 

One  major  problem  associated  with  the  creation  of  successful  imaging  probes 
and  therapeutic  reagents  has  been  the  practical  compromise  between  introducing  a 
sufficient  number  of  individual  metal  binding  sites  on  targeting  agents  and  the  effects 
of  excessive  labelling  on  the  binding  affinity  of  the  modified  targeting  agent  for  its 
receptor  [1].  Most  procedures  used  to  label  monoclonal  antibodies  with  radioactive 
metals  rely  on  the  random  reaction  of  activated  chelators  with  available  sites  on  the 
antibody  molecule  [2].  Conjugation  of  large  numbers  of  chelators  in  this  fashion 
frequently  results  in  a  reduction  of  immunoreactivity  of  the  final  product.  We  have 
developed  a  site  directed  method  of  producing  high  specific  activity,  immunoieactive, 
radioimmunoconjugates  using  a  bifunctional  metal  chelating  peptide.  The  peptide 
scaffold  contains  several  EDTA-like  groups  and  a  single  functional  group  that  can  be 
conjugated  to  the  carbohydrate  moieties  located  in  the  Pc  portion  of  the  antibody 
molecule.  By  defining  die  site  of  conjugation  we  can  prevent  the  loss  of 
immunoreactivity  due  to  modification  of  the  antigen  binding  domains.  Additionally, 
the  functional  group  of  the  metal  chelating  peptide  can  be  modified  to  enable 
conjugation  to  other  reactive  groups  such  as  the  free  thiols  on  Fab’. 

Results  and  Discussion 

The  concept  of  using  amino  acid  branching  methods  [3]  and  protected  metal 
chelating  groups  [4]  in  solid-phase  peptide  synthesis  led  us  to  the  design  and 
construction  of  prototypic  peptides  such  as  the  one  illustrated  in  Figure  I.  The 
overall  approach  allows  one  to  dramatically  simplify  the  construction  and  design  of 
metal-chelating  peptides,  and  permits  the  rapid  creation  of  an  unlimited  number  of 
new  agents. 

To  demonstrate  the  utility  of  the  metal  chelating  peptide  in  constructing 
bioconjugates,  we  selectively  introduced  the  peptide  into  the  Fc  domain  of  a 
monoclonal  antibody.  First  a  maleimide  group  was  introduced  on  the  peptide  by 
modifying  the  single  amino  group  near  the  C-terminus  with  m-maleimido-benzoyl- 
N-hydroxysulfosuccinimide  ester  and  the  carbohydrate  chains  on  the  antibody  were 
oxidized  with  sodium  periodate  to  create  aldehyde  groups  which  were  subsequently 
converted  to  thiol  moieties  by  reaction  with  2-acetamido-4-mercaptobutyric  acid 
hydrazkfe.  The  final  immunoconjugate  was  created  by  reaction  of  the  maleimide 
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substituted  peptide  with  the  thiolated  antibody.  Immunocogjugates  produced  in  this 
fashion  retained  their  antigen  binding  ability  as  determined  by  ELISA  assay. 


In  summary,  a  synthetic  strategy  was  developed  for  the  rapid  design  of 
bifunctional  metal -chelating  peptides  that  can  be  coupled  unidirectionally  to  targeting 
agents.  The  overall  approach  is  flexible  and  permits  the  incorporation  of  large 
clusters  of  chelating  sites  such  as  EDTA  without  compromising  the  immuno- 
reacti  vity  of  the  targeting  agent. 
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Introduction 

The  glycoprotein  laminin  is  known  to  promote  cell  adhesion,  spreading,  neurite 
outgrowth,  growth  and  differentiation  [1].  In  the  metastatic  evolvement  of  breast  and 
colon  tumors  it  appears  that  the  expression  of  a  67  kDa  cell  surface  receptor  occurs  at 
levels  substantially  greater  than  usually  found  in  normal  cells  [2].  This  high  affinity 
receptor  recognizes  the  specific  peptide  sequences  CDPGYTGSR  and  Y1GSR,  which 
are  a  part  of  the  B1  chain  of  laminin  [3].  If  these  peptide  sequences  could  be 
radiolabeled  without  altering  their  binding  to  the  67  kDa  receptor,  it  might  permit  the 
non-invasive  early  detection  and/or  differentiation  of  malignant  tumors  of  the  breast 
and  colon  via  nuclear  medicine  techniques. 

Results  and  Discussion 

Earlier  studies  [4]  showed  that  the  amide  derivatives  of  the  laminin  peptides, 
CDPGYIGSR-NH2  and  YIGSR-NH2,  are  significantly  more  active  than  their 
carboxy-terminal  forms,  therefore  we  used  die  amino-terminal  group  of  these  peptides 
on  which  to  attach  the  chelating  functional  group  diethylenetriaminepentaacetic  acid 
(DTPA),  in  order  to  allow  the  chelation  of  ,uIn.  In  the  case  of  YIGSR-NHj,  we 
actually  added  one  more  amino  acid,  Gly  (i.e.  GYIGSR-NHj)  to  the  N-terminus  so 
that  the  chelating  reagent  would  not  have  to  be  attached  directly  to  Tyr.  The 
following  peptides,  1-4,  were  synthesized  as  agents  to  which  we  chelated  mIn  for 
potential  malignancy  diagnosis.  In  addition,  the  nonsense  peptide  5  was  prepared  as 
a  negative  control.  The  key  intermediates,  needed  for  the  preparation  of  the  peptides 
below,  were  synthesized  by  SPPS  using  4-roethyl-bcnzhydrylamine  (MB  HA)  as  the 
anchoring  resin;  specifically,  peptides  1-4  required  GY(Dcb)lGS(Bzl)R(T<x)-MBHA 
and  C(Meb)D(Bzl)PGY(Dcb)IGS(Bzl)R(Tos)-MBHA,  while  GAGAGA-MBHA  was 
the  precursor  to  5.  The  DTPA  monomers  1, 3  and  5  were  obtained  by  reacting  their 
respective  key  intermediates,  while  still  resin  bound,  with  a  mono  HOBt-activated 
ester  of  DTPA  followed  by  cleavage  of  all  blocking  groups  with  liquid  HF. 


1  DTP A-G YIGSR-NHj 

2  DTPA-fGYIGSR-NH^ 

3  DTPA-CDPGYIGSR-ffflj 


4  DTPA-<CDPG YIGSR-NHj^ 

5  DTPA-GAGAGA-NHj 
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Similarly,  the  DTPA  dimers  2  and  4  were  obtained  by  reacting  their  respective 
key  intermediates  with  DTPA  dianhydride  followed  by  HF  cleavage.  Peptides  1-5 
were  purified  via  preparative  HPLC,  their  purity  confirmed  by  analytical  HPLC,  and 
the  structures  established  by  amino  acid  analysis  and/or  FAB  or  electrospray  mass 
spectrometry.  The  labeling  of  peptides  1-5  was  accomplished  with  mInCl3  in  0.1 
M  acetic  acid  (previously  passed  through  Sigma's  chelating  resin)  at  1.8  mCi/1  nmol 
for  1, 3  and  4  and  at  1  mCi/2  nmol  for  2  and  5.  The  radiochemical  purity  of  each 
peptide  was  assessed  by  HPLC  analysis. 

Studies  involving  the  imaging/bi odi  stribution  of  radiolabeled  peptides  utilized 
mice  in  which  a  C3H  mammary  carcinoma  had  been  implanted.  The  C3H  mammary 
carcinoma  line  was  obtained  from  Dr.  Bemad  Fisher  (School  of  Medicine,  University 
of  Pittsburgh).  Whether  the  67  kDa  laminin  receptor  is  expressed  on  the  surface  of 
this  tumor  is  not  known.  C3H  mammary  tumor  cells  were  implanted  into  the  left 
thigh  of  20  g,  12  week  old  C3H  female  mice  and  allowed  to  grow  (2-4  weeks)  until 
the  tumor  was  significantly  noticeable.  The  animals  (n=3/agent/time  interval)  were 
injected  via  the  tail  vein  with  20-25  pCi  of  test  11  'In-labeled  peptides  1-5  and 
euthanized  at  1,  4,  8,  or  24  hours  post  injection.  The  animals  were  subsequently 
dissected  and  the  tissue  distribution  of  radioactivity  quantitated  (mean  %  injected 
dose/g  tissue)  using  an  autogamma  scintillation  counter.  The  biodistribution  data 
(Tables  1  and  2)  reveal  specific  uptake  of  mIn-2-4  by  the  tumor,  but  not  of  niIn-l 
or  n,In-5. 


Table  1  Biodistribution  of 1,1  In-1-3  in  the  C3H  nummary  tumor  model 


Tissue 

u,In-l 

Percentage  injected  dose/g  tissue 
111 In-2 

"‘In-3 

lhr 

4hr 

8  hr 

24hr 

lhr 

4hr 

8hr 

24hr 

lhr 

4hr 

8hr 

24hr 

Brain 

0.06 

0.02 

0.01 

0.01 

0.17 

0.04 

0.03 

0.02 

0.12 

0.08 

0.07 

0.04 

Blood 

0.73 

0.09 

0.09 

0.10 

1.89 

0.44 

0.55 

0.19 

1.55 

0.88 

1.00 

0.28 

Heart 

0.48 

0.06 

0.05 

0.02 

1.51 

0.35 

0.33 

0.16 

0.96 

0.44 

0.57 

0.26 

Lung 

0.77 

0.11 

0.10 

0.04 

1.87 

0.39 

0.44 

0.26 

1.65 

0.77 

0.96 

1.65 

Liver 

2.17 

0.19 

0.17 

0.12 

1.22 

0.34 

0.37 

0.37 

1.08 

0.71 

0.87 

0.73 

Spleen 

0.48 

0.13 

0.12 

0.10 

0.81 

0.30 

0.41 

0.46 

0.49 

0.59 

1.01 

0.92 

Stomach 

1.01 

0.30 

0.07 

0.06 

1.18 

0.12 

0.11 

0.12 

0.72 

0.13 

0.17 

0.14 

Gut 

6.49 

2.72 

0.45 

0.21 

1.92 

0.56 

0.25 

0.32 

0.87 

0.72 

0.54 

0.40 

Kidney 

3.72 

1.44 

1.32 

1.04 

5.61 

2.43 

1.41 

2.18 

8.25 

9.13 

9.77 

5.91 

Ovary 

0.90 

0.44 

0.49 

0.09 

1.46 

0.38 

0.31 

0.38 

1.14 

0.67 

0.72 

0.54 

Skin 

3.48 

0.29 

0.11 

0.06 

1.51 

0.37 

0.21 

0.41 

1.19 

0.55 

0.55 

0.36 

Muscle 

0.72 

0.05 

0.03 

0.02 

0.81 

0.21 

0.17 

0.09 

0.40 

0.12 

0.23 

0.13 

Bone 

0.48 

0.06 

0.05 

0.04 

0.72 

0.14 

0.17 

0.16 

0.61 

0.37 

0.34 

0.40 

Tumor 

1.42 

0.22 

0.09 

0.09 

1.62 

0.50 

0.55 

0.46 

1.54 

0.99 

1.07 

0.66 

855 


mm 
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Table  2  Biodistribution  of 111  In-4-5  m  die  C3H  mammary  tumor  model 


Percentage  injected  doae'g  tissue 
Tissue  ‘"In-d  “‘In-5 


llr 

4hr 

8hr 

24hr 

lhr 

4hr 

8hr 

24hr 

Brain 

0.05 

0.04 

0.03 

0.02 

0.07 

0.01 

0.02 

0.00 

Blood 

2.16 

0.05 

0.27 

0.07 

0.44 

0.07 

0.03 

0.03 

Heart 

0.59 

0.23 

0.17 

0.11 

0.40 

0.06 

0.04 

0.03 

Lung 

0.99 

0.23 

021 

0.16 

0.49 

0.08 

0.06 

0.04 

Liver 

0.64 

0.28 

039 

0.42 

0.37 

0.12 

0.10 

0.10 

Spleen 

0.42 

0.24 

0.38 

0.49 

0.37 

0.13 

0.10 

0.13 

Stomach 

0.31 

0.14 

0.92 

0.12 

0.26 

0.23 

0.07 

0.03 

Gut 

0.59 

0.16 

0.59 

0.22 

0.41 

0.44 

0.24 

0.05 

Kidney 

13.88 

14.77 

12.94 

11.50 

1.81 

1.42 

1.13 

1.09 

Ovary 

0.64 

0.33 

0.31 

0.61 

1.18 

0.12 

0.11 

0.14 

Skin 

0.33 

0.18 

0.30 

0.15 

0.94 

0.12 

0.09 

0.06 

Muscle 

0.24 

0.06 

0.09 

0.06 

0.22 

0.04 

0.03 

0.02 

Bone 

0.34 

0.10 

0.18 

0.12 

0.18 

0.04 

0.03 

0.03 

Tumor 

1.19 

0.45 

0.59 

0.43 

0.83 

0.20 

0.09 

0.08 

Biodistribution  data  reveal  specific  uptake  of  luIn-2, 11 'In-3  and  ,nIn-4  in  die 
C3H  mammary  tumors  approaching  0.6,  1.1  and  0.6  percent  of  the  administered 
dose/g,  respectively,  at  8  hours  post  injection.  At  this  time  interval,  tumor-to-blood 
and  tumor-to-muscle  radioactivity  ratios  were  1.0  and  3.3,  respectively,  for  1,1  In-2, 
1.1  and  4.6,  respectively,  for  ,nIn-3  and  2.2  and  6.5,  respectively,  for  ,uIn-4. 
Retention  of  radioactivity  in  the  tumor  was  longest,  nearly  0.7  percent  after  24 
hours,  with  1,1  In-3  and  the  tumor-to-blood  and  tumor-to-muscle  ratios  were  2.4  and 
5.2,  respectively.  These  preliminary  data  suggest  the  potential  use  of  1,1  In -labeled 
laminin  peptide  fragments  in  the  early  detection  of  malignant  tumors  of  the  breast. 
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Introduction 

Since  polyethylene  glycol)  (PEG)  is  stable,  low  toxic,  low  immunogenic, 
bioinert  and  soluble  in  both  aqueous  and  organic  solvents,  it  is  noted  as  a  drug 
carrier.  Recently  we  found  that  the  inhibitory  effects  of  [fibronectin  and  laminin- 
related  peptide]-[amino-poly(ethylene  glycol)]  hybrids  [Arg-GIy-Asp-aminoPEG 
(RGD-aPEG)  and  T yr-De-Gly-Ser- Arg-aminoPEG(YIGSR-aPEG)]  on  experimental 
metastasis  in  mice  were  more  potent  than  those  of  RGD  and  YIGSR  [1,  2]. 
Following  these  studies,  we  prepared  H-Arg-Glu-Asp-Val-NH2(REDV),  REDV- 
aPEG,  H-Glu-ne-Leu-Asp-Val-NH2(E!LDV),  cPEG-EILDV  (cPEG=carboxy-PEG) 
and  cPEG- YIGSR.  REDV  and  EILDV  are  sequences  of  fibronectin  and  YIGSR  is  a 
sequence  of  laminin. 

Results  and  Discussion 

To  synthesize  REDV-aPEG,  Boc-Arg(Tos)-Glu(OcHx)-Asp(OcHx)-Val-OH  was 
prepared  by  the  solution  method  and  coupled  with  aPEG  which  was  prepared  from 
PEG  6000(MW  7500-9000)  according  to  the  procedure  reported  by  Pillai  and  Mutter 
[3].  The  resulting  protected  hybrid  was  treated  with  HF  to  give  REDV-aPEG, 
followed  by  purification  by  HPLC.  Other  peptides  and  hybrids  were  prepared  by  the 
solid-phase  method  using  Boc  strategy.  cPEG  was  prepared  from  PEG  monomethyl 
ether  (average  MW  5000)  by  oxidation  according  to  the  procedure  reported  by  Ueyama 
et  al  [4]. 

The  inhibitory  effect  of  synthetic  peptides  and  hybrids  on  the  experimental 
metastasis  of  B16  melanoma  BL6  in  mice  was  examined.  The  inhibitory  effect  of 
cPEG- YIGSR  was  almost  equal  to  that  of  YIGSR-aPEG.  The  inhibitory  effect  of 
REDV  was  potentiated  by  the  hybridization  with  aPEG  as  shown  in  Figure  1.  Of 
the  synthetic  peptides  and  their  hybrids,  EILDV  exhibited  the  most  potent  inhibitory 
effect 
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Fig.  1.  Inhibitory  effect  of  synthetic  peptides  and  hybrids  on  the  lung  metastasis  in  mice. 

EILDV,  REDV,  and  their  PEG  hybrids  exhibited  an  inhibitory  effect  on 
experimental  metastasis  of  B16  melanoma  BL6  in  mice.  The  potent  inhibitory  effect 
of  the  hybrid  can  be  roughly  explained  by  die  hypothesis  that  the  bulky  PEG  portion 
might  prevent  enzymatic  hydrolysis  of  the  peptide  portion  and  stabilize  the  binding 
of  the  peptide  portion  to  its  receptor.  Koyama  reported  that  subcutaneously  injected 
PEG  in  mice  was  distributed  in  tumor  cells  in  high  concentration  [5].  This  fact  also 
suggests  the  potent  inhibitory  effect  of  the  hybrid. 
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Introduction 

Recently,  we  presented  the  concept  of  N-tenninally  extended  GRF  analogs  of 
[Leu27]bGRF(  1  -29)NH2  (1)  as  pro-drugs  for  the  generation  of  the  core  peptide  1  in 
bovine  plasma  in  vitro  through  a  DPP-IV -mediated  hydrolysis  [1].  It  has  been 
shown  that  only  GRF  analogs  with  N-terminal  extensions  specific  for  DPP-IV 
recognition  generated  1  while  other  pro-GRFs  with  a  wrong  "reading  frame"  for 
DPP-IV  were  not  processed  to  1  [1].  Also,  the  apparent  *1/2  of  1  generated  from  an 
extended  DPP-IV-cleavable  pro-GRF  almost  doubled  as  compared  to  the  t1/2  of  1 
incubated  directly  in  bovine  plasma  in  vitro  [1]. 

DPP-IV  preferably  cleaves  dipeptides  X-Pro,  X-Ala  or  X-Hyp  from  die  N- 
termini  of  unsubstituted  peptides  or  proteins  [2].  DPP-IV-assisted  hydrolysis  rates 
are  dependent  upon  X.  About  20  times  faster  cleavages  were  reported  for  short 
peptides  with  Pro  at  position  P,  than  those  with  Ala  [2],  This  information  prompted 
us  to  examine  whether  pro-GRFs  with  different  N-terminal  extensions  could  be 
cleaved  at  different  rates  by  plasma  DPP-IV  to  control  the  release  of  the  core 
peptide  1. 

Results  and  Discussion 

Included  in  this  study  were  pro-GRFs  from  the  [X' 1 , Y^Leu27  ]bGRF(  1  -29)NH2 
series  (prepared  by  SPPS,  Boc -chemistry  [3,  4])  having  either  Ilc'-Pro0  (analog  2), 
Val*'-Ala°  (analog  3),  Tyir '-Ala0  (analog  4)  or  desNHjTyr '-Ala0  (analog  5)  as  the 
N-terminal  extension.  The  main  objectives  of  this  study  were  (i)  to  compare  the 
course  of  appearance  and  degradation  of  [Leu27]bGRF(l-29)NH2  (1)  derived  from  pro- 
GRFs  with  different  extensions  upon  incubation  in  bovine  plasma  in  vitro  [1],  and 
(ii)  to  determine  the  GH-releasing  activity  of  the  N-tenninally  extended  analogs  in 
primary  bovine  anterior  pituitary  prime  cell  cultures  in  vitro  [5]  and  in  steers  in  vivo 
16). 

In  agreement  with  our  earlier  reports  [1, 4, 7],  1  was  demoded  in  bovine  plasma 
in  vitro  via  a  DPP- IV -dependent  mechanism  to  form  [Leu27]bGRF(3-29)NH2  (6). 
Plasma  incubations  with  analogs  2, 3  and  4  resulted  in  sequential  cleavages,  first  of 
the  X*'-Y°  extension  to  generate  1,  followed  by  the  removal  of  Tyr'-Ala2  from  1  to 
form  [Leu27]bGRF(3-29)NH2  (4). 
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Tablet  N-termimally  extended  analogs  of  [Lett27 ]bGRF(  1-29 )NH2  (1  ).  GH-releasing 
activity  in  primary  bovine  anterior  pituitary  cell  cultures  in  vitro* 


No. 

Extension  in 
peptide  1 

Potency* 

(%) 

Potency 
95%  CLh 

EC* 

(am) 

Efficacy 

(%) 

Efficacy 
95%  CLb 

1 

None 

100.0 

- 

0.088 

100 

— 

2 

lie' '-Pro0 

4.5d 

- 

2.15 

- 

- 

3 

Vaf'-Ala0 

13.0 

4.7  -  35 

0.70 

100.4 

86.6-116.1 

4 

Tyr'-Ala0 

0.5 

0.2  -  2.0 

16.43 

90.7 

74.3-109.7 

5 

1 

f 

i 

Ala0  3.0 

1.0  -  4.4 

2.62 

68.9 

43.0-  98.1 

'Assay  conditions  as  described  (5).  Potencies  based  on  peptides  EC^'s  relative  to  1. 

*95%  CL  denotes  95%  confidence  limits. 

cEfificacy  based  on  the  masimum  GH-re lease  iiwWot  by  1  taken  as  100%. 

*Taken  from  [1], 

The  half-lives  determined  for  the  removal  of  N-terminal  extensions  from 
analogs  2, 3,  and  4  were  as  follows:  20.4  min  (Ik'-Pro0),  20.7  min  (Val’-Ala0)  and 
23.8  min  (Tyr'-Ala0).  These  values  do  not  support  the  literature  data  on  much  faster 
cleavages  of  substrates  with  penultimate  Pro  than  those  with  Ala  [2].  Possibly,  in 
contrast  to  di-  or  tri-peptidk  substrates,  secondary  structures  of  longer  peptides  could 
have  greater  effects  on  the  enzyme  binding  and  cleavage  rales.  The  apparent  half-lives 
determined  for  1  derived  from  2, 3  and  4  were  respectively  174%  (43.2  min),  186% 
(46.2  min)  and  155%  (38.3  min)  of  the  tia  of  I  (24.8  min)  incubated  directly  with 
bovine  plasma. 

Analog  5  with  desNH2Tyr,-Ala°  in  the  extension,  an  inactive  DPP-IV 
substrate  lacking  the  free  N-terminal  amino  group,  was  not  cleaved  by  plasma  to 
form  1.  Although  no  metabolites  woe  identifiable  under  the  HPLC  conditions  used 
in  the  study,  this  extended  GRF  slowly  disappeared  from  plasma  due  to  other 
unknown,  but  non-DPP-IV -related  cleavages. 

The  in  vitro  GH-releasing  potencies  of  the  four  extended  GRF  analogs  2, 3, 4 
and  5  were  in  the  range  of  0.3  to  13%  of  the  potency  of  1  (Table  1).  Despite  low 
inherent  (in  vitro )  potency,  2, 3,  and  4  were  respectively  121%,  103%  and  1 13%  as 
active  as  1  (p>0.05)  in  releasing  serum  GH  in  vivo  in  steers  (Figure  1),  which 
suggests  that  1  could  also  have  been  generated  in  vivo  from  the  DPP-IV-cleavable 
pro-GRFs.  This  notion  is  supported  by  the  fact  that  the  non-DPP-IV  cleavable 
analog  5  released  no  more  GH  (36%)  than  water  injected  controls  (34%)  under  the 
same  in  vivo  conditions  (Figure  1). 

In  summary,  our  results  confirm  the  pro-drug  concept  of  N-terminally  extended 
GRF  analogs  as  targets  for  the  DPP-IV  mediated  release  of  the  core  GRF  and 
extension  of  its  t1/2  in  bovine  plasma  in  vitro.  However,  die  DPP-IV  cleavable  pro- 
GRFs  did  not  appear  to  significantly  delay  nor  prolong  the  analog-induced  release  of 
GH  in  vivo.  The  serum  GH  profiles  in  steers  treated  with  these  pro-drugs  were 
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Fig.  1.  Profiles  of  serum  GH  induced  by  a  single  Lv.  dose  (0.1  nmol/kg)  of  [Leu27]- 
bGRF(l-29)NH2  (1)  or  its  analogs  2-5  in  steers.  Assay  conditions  as  described  [6]. 

similar  to  those  induced  by  die  core  peptide  despite  the  analogs'  low  GH-releasing 
potency  in  vitro.  This  suggests  the  pro-GRFs  could  have  been  rapidly  processed  to 
the  core  peptide  by  Mood  and/or  organ  and  tissue  DPP-IV  in  vivo. 
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Introduction 

Certain  synthetic  peptides  based  on  various  HTV-1  strains  show  a  differential 
reactivity  in  enzyme  immunoassays  with  sera  from  different  geographic  locations 
(Africa,  India,  Europe  and  North  America)  [1].  By  integrating  the  reactivity  to 
epitopes  which  react  differentially  in  various  populations  a  pattern  is  created  which 
can  be  used  to  classify  HIV-1  infections.  These  results  can  give  clues  regarding  die 
choice  of  viral  variant  to  be  represented  in  future  HIV-1  vaccines. 

Results  and  Discussion 

In  the  se rode ndro gram  shown  in  Figure  1,  120  Ethiopian  and  46  Swedish  HIV-1 
positive  sera  were  tested  against  6  synthetic  full-length  (Cysteine  to  Cysteine) 
peptides  from  the  third  variable  domain  (V3)  of  HTV-1  gp  120.  Peptides  from  HTV-1 
subtypes  A  (Z321),  B  (MN),  D  (JY1  and  a  proline  substituted  derivative  of  ELI)  and 
unclassified  (Z3)  were  included.  The  peptide-variable  names  are  written  vertically 
above  each  column  to  the  right  of  the  dendrogram.  To  ensure  reproducibility  and  to 
minimize  influences  due  to  differences  in  the  general  degree  of  antibody  response  of 
infected  individuals  a  ratio  was  calculated  between  the  reactivity  of  each  peptide  and 
the  average  of  V3  peptide  reactivities  (MLV3).  Finally,  the  ratio  of  the  reactivities 
of  73  and  Z321  was  included. 

The  ranked  difference  in  absorbance  between  peptide-  and  mock-coated  microtiter 
wells  is  shown  for  each  cluster  of  sera  (i.e.,  one  branch  in  the  serodendrogram)  as  a 
relative  one-figure  value,  where  9  =  maximum,  and  0  =  minimum  of  the  ranked 
absorbance  difference.  The  maximum  value  is  shown  at  the  bottom  of  the  Figure. 
Rank  1.00  is  the  maximum  for  all  peptide-variables.  The  reactivity  in  EIA  for  each 
peptide  forms  one  dimension  in  a  7-dimensional  coordinate  system.  Each  serum  is 
represented  by  a  point  in  this  coordinate  system.  Distances  between  all  points  are 
collected  in  a  distance  matrix.  Sera  with  almost  identical  reactivity  patterns  are 
collected  in  clusters  denominated  by  the  identity  of  the  first  occurring  serum.  To 
distinguish  the  members  of  each  cluster,  Ethiopian  members  are  symbolized  with  an 
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"E",  and  Swedish  with  an  ”S”.  Swedish  sera  cluster  in  two  regions  of  the 
serodendrogram,  whereas  the  Ethiopian  sera  had  more  variable  reactivity  patterns.  In 
conclusion,  serological  similarity  analysis  and  serodendrograms  are  novel  and  rational 
ways  of  analysing  HIV-1  infection  which  may  become  useful  in  large  scale 
epidemiological  surveys  of  HIV-1  antigenic  variation  at  sites  selected  for  vaccine 
trials. 


Fig.  I.  Serological  similarity  analysis  and  a  V3  based  serodendrogram. 
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Introduction 

One  of  the  potential  approaches  for  arresting  the  progress  of  degenerative 
inflammatory  disease  is  the  administration  of  highly  specific  inhibitors  of  the 
proteases  which  are  responsible  for  the  breakdown  of  cartilage.  These  endogenous 
endo-peptidases  are  collectively  known  as  matrix-metalloproteases  (MMPs,  e.g., 
collagenase,  stromelysin,  etc.).  To  date,  potent  inhibitors  of  MMPs  are  peptides  or 
peptide-like  structures  and  there  is  growing  evidence  that  even  metabolically  stable 
peptide-like  molecules  may  be  subject  to  extensive  first  pass  loss  by  biliary  excretion 
[1].  We  have  utilized  a  variety  of  in  vitro,  in  situ  and  in  vivo  models  to  examine 
potential  barriers  which  limit  the  bioavailability  of  hydroxamate  based  MMP 
inhibitors.  Here,  we  report  on  some  structure  features  which  influence  the 
bioavailability  of  hydroxamate  based  MMP  inhibitors  in  the  rat 

Resalts  and  Discussion 

The  hydroxamate  1  has  been  reported  [2]  to  be  a  potent  inhibitor  of  the  human 
fibroblast  collagenase  (HFC).  We  have  found  that,  although  hydroxamate  1  is  stable 
(3-24h)  in  rat  biological  fluids,  its  oral  bioavailability  in  the  rat  is  negligible. 
Although  in  situ  models  reveal  that  the  drug  is  absorbed  across  rat  intestine,  no  intact 
I  escapes  the  liver.  Low  levels  of  1  were  detected  in  pre-hepatic  circulation,  but 
neither  the  parent  hydroxymate  1  nor  its  major  metabolite,  the  corresponding 
carboxylate,  was  detected  in  post-hepatic  circulation.  Analysis  of  bile  revealed 
extensive  excretion  of  unchanged  drug  and  metabolites.  In  fact,  following  iv 
administration  of  5  mg/kg  of  1  to  rats  with  jugular  and  bile  cannulae  [3],  more  than 
90%  of  1  excreted  in  the  bile  in  one  hour.  Moreover,  33%  of  the  total  biliary 
excretion  occurred  within  the  first  S  min.  The  poor  pharmacodynamics  exhibited  by 
the  hydroxamate  1  is  probably  due  to  the  overall  high  lipophilicity  of  this 
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compound.  In  order  to  improve  die  pharmacodynamic  properties  of  the  inhibitor,  we 
decided  to  modify  the  C-terminal  amide  portion  of  the  inhibitor  1  which  should 
change  the  overall  physicochemical  properties  while  still  maintaining  nanomolar 
enzyme  inhibition. 

We  have  shown  that  the  tryptophan  analog  2a  (R=Me)  is  a  3-fold  more  potent 
inhibitor  [Ki  *  2  nM]  of  HFC  than  1.  We  have  incorporated  neutral,  polar,  cationic 
and  anionic  functional  groups  into  various  C-terminal  amides,  2b-j  (Table  1). 
These  modifications  provided  analogs  with  either  more  or  comparable  activity  against 
HFC  vs.  the  reference  compound  1. 


At 


1  2a-j 

Ar=  (4-OMe)phenyl  3-Indolyl 
R  =  Me  see  Table  I. 

The  analogs  containing  tertiary  amines,  2c-e,  improved  plasma  half  life  2-3 
fold  over  the  reference  compound  1.  More  importantly  these  analogs  have 
considerably  reduced  biliary  excretion.  However,  the  carboxylate  analog  2b  behaved 
like  the  methyl  compound  i  and  is  essentially  completely  excreted  in  bile. 

Table  1  Enzyme  inhibition,  plasma  half  life  and  biliary  excretion  data 


Compd.  R  Ki  vs  HFC  Plasma  t\n  Biliary  Excretion 

(nM)  (min)  (%  of  total  doseb)  (%  as  parent) 


1 

-ch3 

6 

9.05  ±  2.9 

84.1 

± 

7.3 

43.3  ±  1.1 

2b 

-(CH2)4-COOH 

1 

6.9 

±  2.4 

108 

± 

18.9 

8.8  ±  1.3 

2c 

-(CHzlrhKCHjh 

12 

21.0 

±  1.5 

18.9 

± 

3.7 

71.1  ±  2.8 

2d 

-(CH^-N^k 

3 

25.0 

±  4.2 

18.1 

± 

4.2 

12.4  ±  3.2 

2e 

-(CH^-NfCHjh 

3 

28.2 

±  0.6 

42.5 

± 

3.6 

56.5  ±  3.8 

2  f 

(CH2)2-0-CH3 

5 

19.0 

±  4.4 

59.2 

±  11.8 

21.4  ±  1.7 

2* 

-(CH^rS-CH-, 

5 

32.4 

±  4.1 

27.3 

± 

4.3 

15.6  ±  2.9 

2  h 

-(CH2)rS(0)-CH3 

2 

7.4 

±  0.7' 

44.8 

±  10.1 

74.3  ±  2.2 

21 

-(CH2)2-S02-CH3 

3 

24.0 

±  3.1 

67.2 

± 

6.1 

14.0  ±  4.0 

2J 

-(CHih-S-fCH^N^Hj^ 

5 

43.7 

±  7.7 

60.8 

±  11.0 

42.8  ±  7.1 

‘Mixture  of  diastereoisomers  at  sulfur,  two  peaks  in  HPLC,  so  value  not  accurate. 

bAll  compounds  were  dosed  (iv)  at  S  mg/kg;  except  compound  2e  was  dosed  at  2.3  mg/kg. 


In  a  comparable  series  of  tertiary  amine  2c,  ether  2f,  and  thioether  2g, 
surprisingly  the  thioether  gave  the  longest  plasma  half  life  (32  min  vs.  21  min  and 
19  min  for  the  amine  and  ether  analogs,  respectively).  The  longer  plasma  t1/2  of  2g 
is  also  reflected  in  the  lower  biliary  excretion  of  the  thioether  compared  to  the  ether 
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2f.  We  have  confirmed  that  the  result  of  the  thioether  is  not  due  to  enzymatic 
oxidation  at  sulfur,  as  authentic  sulfoxide  2h,  and  sulfone  21,  gave  different  results. 
In  addition,  the  identity  of  the  parent  thioether  in  the  biological  fluids,  plasma  and 
bile,  was  confirmed  by  HPLC  using  the  corresponding  sulfoxides  and  sulfone.  The 
analog  2&,  where  we  have  inserted  a  thioether  functionality  in  the  tertiary  amine 
analog  2e,  resulted  in  an  analog  which  is  more  potent  and  has  the  longest  plasma  tl/2 
(44  min).  The  tertiary  amine  analog  2e  has  been  found  to  be  10%  orally 
bioavailable  in  rat. 

In  conclusion,  the  rational  design  of  C-terminally  modified  MMP  inhibitors  has 
led  to  analogs  that  are  less  susceptible  to  first  pass  loss  by  biliary  excretion. 
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Introduction 

Blood  coagulation  factor  XIQ  (F  XIII)  is  activated  by  thrombin  and  plays  an 
important  role  in  coagulation  by  crosslinking  fibrin  to  insoluble  polymers. 
Additionally  F  XIII  incorporates  o^-antiplasmin  and  fibre nectin  into  fibrin.  F  Xm  is 
reported  to  accelerate  wound  healing  too.  For  studies  and  clinical  routine  analyses 
several  assays  for  F  XDI  activity  have  been  described.  Most  of  these  tests  have  to  be 
performed  manually.  Therefore  they  are  cumbersome,  time-consuming  and  often 
poorly  reproducible.  Normally  they  rely  on  acid  or  urea  solubility  of  formed  fibrin 
clots  or  on  the  incorporation  of  labelled  amines  into  natural  substrates  of  F  XIII,  i.e. 
casein  or  fibrin.  We  developed  an  assay  for  the  activity  of  FXHI  based  on  the  release 
of  ammonia  generated  by  die  F  XIII  mediated  incorporation  of  glycine  ethyl  ester  into 
a  specific  glutamine  containing  peptide  [1].  The  test  can  be  carried  out  on  automated 
routine  analyzers  or  on  common  photometers.  Here  we  report  on  the  development  of 
a  test  system  with  a  specific  glutamine  containing  F  XIII  substrate  Leu-Gly-Pto-Gly- 
Gln-Ser-Lys-Val-Ile-Gly-amide  (K9)  and  a  clotting  inhibitor  Gly-Pro-Arg-Pro- Ala- 
amide  (clot  7). 

Results  and  Discussion 

This  procedure  is  carried  out  directly  in  a  cuvette.  The  test  principle  is  as 
follows:  a  F  XIII  containing  specimen  (blood  plasma  sample)  is  activated  by 
thrombin  and  Ca2+.  To  prevent  the  formation  of  a  fibrin  clot  Gly-Pro-Arg-Pro-Ala- 
amide  (clot  7)  is  added  simultaneously.  The  activated  F  XIII  incorporates  Gly-OEt 
into  the  Gin  of  the  substrate  K9.  The  continuously  released  ammonia  reacts  directly 
with  ketoglutarate.  During  this  process  NADH  is  consumed.  The  consumption  of 
NADH  is  detected  by  the  decline  of  UV  absorption  at  340  nm.  The  rate  of  UV 
decline  is  a  direct  measure  for  F  Xm  activity  and  F  Xm  content  For  this  assay  two 
peptides  are  necessary.  One  peptide  is  used  to  prevent  clotting  of  plasma.  We  have 
optimized  the  potency  of  Gly-Pro-Arg-Pro,  which  is  known  to  prevent  association  of 
soluble  fibrin  chains  without  disturbing  the  action  of  thrombin  [2].  We  found  that 
the  elongation  of  this  sequence  at  the  C-terminus  led  to  considerable  more  potent 
inhibitors.  Particularly  useful  was  Gly-Pro-Arg-Pro- Ala-amide  (Table  1).  K9  is  a 
substrate  that  incorporates  Gly-OEt  via  F  XIII.  We  have  optimized  peptide  sequences 
derived  from  casein  [3, 4]  and  found  K9  (Leu-Gly-Pro-Gly-Gln-Ser-Lys-V al-Ile-Gly- 
amide)  having  the  most  rapid  turnover  rate  of  Gly-OEt  by  F  XDI.  We  synthesized 
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Table  1  Structure-activity  relationship  of  dot  inhibitors 


Peptide  sequence 

relative  activity  (%)* 

Gly-Pro-Arg-Pro- Ala-amide 

100 

Gly-Pro-Arg-Pro- Asp- amide 

78 

Gly-Pro-Arg-Pro-Pro-amide 

53 

Gly-Pro-Arg-Pro- V  al-amide 

37 

Gly-Pro-Arg-Pro-Gty-anide 

28 

Gly-Pro-Arg-Pro-Lys-amide 

25 

Gly-Pro-Arg-Pto-Trp-amide 

19 

Gly-Pro-Arg-Pro- Ser-amide 

17 

Gly-Pro-Arg-Pro-Phe-amide 

10 

Gly-Pro-Arg-Pro-amide 

7 

*50  til  of  each  peptide  (c  =  2mg/ml)  and  50  til  of  thrombin  solution  (50  IU/ml)  were  added 
to  100  til  of  plasma.  The  clotting  time  was  measured  in  seconds.  The  most  potent 
compound  was  set  to  100%  (449  s). 


both  peptides  by  solid  phase  methods  in  large  amounts.  We  used  TFA  labile  amide 
linkers  attached  to  amino  methyl  polystyrene  [5,  6].  The  assembly  of  the  peptides 
was  carried  out  by  standard  Fmoc-protocols.  The  coupling  reactions  were  carried  out 
by  a  1  5-fold  amino  acid  excess  using  DIC/HOBt  as  an  activating  agent  The  batch 
sizes  for  K9  were  up  to  450  g  of  final  peptide  resin.  The  clot  inhibitor  can  be 
synthesized  efficiently  by  solution  methods  too.  Both  peptides  were  cleaved  by 
TF A/water  (97%  or  95%,  respectively)  and  were  purified  by  recrystallization 
employing  TFA  /tert.-butylmethylether.  This  procedure  yielded  substrate  and 
clotting  inhibitor  pure  enough  for  the  above  in  vitro  assay. 
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Introduction 

In  1977,  Japanese  medical  officials  reported  the  appearance  of  adult  T-cell 
leukemia/lymphoma  (ATL)  in  a  small  cluster  of  the  adult  population  in  southwestern 
Japan  [1],  A  retrovirus,  human  T-Cell  Lymphotropic  Virus  Type  I  (HTLV-I),  was 
first  isolated  from  patients  with  ATL  in  the  southeastern  part  of  the  United  States  [2, 
3],  indicating  a  possible  relationship  between  the  disease  and  the  retrovirus. 
Collaborative  research  efforts  using  a  purified  HTLV-I  antigen  in  an  immuno- 
precipitation  revealed  that  the  Japanese  ATL  patients'  sera  reacted  with  the  HTLV-I 
protein  [1,  4].  HTLV-I  is  usually  associated  with  ATL,  but  atypical,  more  benign 
HTLV-I-positive  T-cell  malignancies  are  sometimes  found  [5],  ATL  is  characterized 
by  a  clinically  aggressive  course,  poor  prognosis,  hypocalcemia,  and  visceral 
involvement  [6],  Although  HTLV-I  requires  a  long  latency  period  for  introduction  of 
ATL,  when  AIT  does  develop,  it  is  usually  fatal  and  the  survival  time  of  patients  is 
very  short,  50%  survival  being  about  six  months  [7]. 

HTLV-II,  first  reported  in  1982,  is  associated  with  T-cell  variants  of  hairy -cell 
leukemia  [8, 9],  however,  a  specific  cause-and -effect  relationship  between  HTLV-II 
and  human  disease  remains  unclear.  HTLV-II  isolates  outnumber  HTLV-I  in  die 
U.S.  [10].  Routes  of  HTLV  transmission  are  similar  to  that  of  HIV,  including 
sexual  transmission,  exposure  to  contaminated  cellular  blood  components  or  IV  drug 
abuse,  and  from  infected  mother  to  infant,  primarily  through  breast  feeding.  HTLV-I 
and  H  have  65%  nucleotide  sequence  homology  and  their  encoded  protein  antigens  are 
closely  related  [11].  This  relationship  is  especially  pronounced  in  the  QAG  regions 
of  the  viruses. 

Methods  of  identifying  antibodies  to  HTLV-I/H  have  included  enzyme  immuno¬ 
assays  (EIA)  based  on  whole  viral  lysate,  recombinant  antigen  EIA,  and  FCR  for 
identification  of  proviral  sequences.  This  report  details  the  use  of  synthetic  poly¬ 
peptide  antigens  of  the  ENV  region  of  HTLV-I  and  HTLV-II  for  use  in  an  EIA  format 
for  the  purpose  of  identifying  antibodies  to  these  retroviruses  in  human  serum  or 
plasma  samples. 
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Res  alts  ud  Discussion 

Of  the  total  of  449  samples  tested,  1 10  were  positive  by  EIA,  western  blot, 
RIP  A,  PCR,  or  a  combination  of  die  above  methods.  There  were  12  samples  which 
wore  indeterminate  by  western  blot  (i.e.,  pl9  and/or  p24  present,  and  either  no  gp 
bands  or  one  of  gp68,  gp46,  or  gp21  present),  and  negative  by  RIPA.  The  peptide 
EIA  detected  5  (41.7%)  of  these  inde terminates.  Average  signal  to  cutoff  ratio  with 
whole  viral  lysate  ELA  of  die  peptide  positive  samples  was  3.8  versus  2.0  for  the 
peptide  negative  indeterminates.  Testing  of  327  negative  samples,  comprised  mostly 
of  blood  donors,  resulted  in  no  repeat  reactive  samples.  Table  1  below  summarizes 
these  data. 


Table  1  Performance  of  the  HTLV-I/II  peptide  EIA 


Sample  category 

Result 

HTILV-I  or  HTLV-II  Positive  Samples  (N=l  10) 

110/110 

Positive 

HTLV-I  or  HTLV-II  Negative  Samples  (N=327) 

0/327 

Positive* 

HTLV-I  or  HTLV-II  Indeterminate  Samples  (N=12) 

5/12 

Positive 

a  Indicates  repeat  reactivity.  Five  (1.5%)  of  327  samples  were  initially  reactive. 


Due  to  die  nonspecific  nature  of  recombinant  and  whole  virus-based  tests,  radio- 
immunoprecipitation  assays  (RIPA)  have  been  selected  as  the  most  reliable  method 
for  HTLV-I/II  antibody  confirmation.  The  choice  was  mainly  due  to  the  assay's 
ability  to  detect  HTLV  ENV  glycoprotein  antibodies  with  extreme  sensitivity.  Thus, 
a  screening  test  based  on  HTLV-I  and  HTLV-II  ENV  proteins,  presented  as  conserved 
polypeptides,  could  potentially  provide  highly  reliable  results. 

Synthetic  polypeptide  antigens  have  shown  success  for  detection  of  antiviral 
immunoglobulins  in  HTV-1,  HIV-2  and  hepatitis  C  virus.  Peptide  antigens  are 
prepared  based  on  the  identification  of  epitopes  which  are  both  strongly  immunogenic 
and  highly  conserved  from  strain-to- strain.  Peptide  antigens  offer  the  advantage  of 
presenting  extremely  high  densities  of  immunogenic  epitopes  in  the  assay  virtually 
without  the  presence  of  contaminating  or  nonspecific  proteins.  Mixtures  of  peptides 
in  immuno- assays,  therefore,  are  much  less  problematic  than  whole  virus  or 
recombinants. 

The  peptide- based  EIA,  with  gp21  and  gp46  antigens  horn  HTLV-I  and  HTLV- 
II,  demonstrated  the  ability  to  detect  100%  of  the  positive  samples  tested. 
Specificity,  based  on  repeat  reactive  testing,  was  also  100%.  These  data  show 
promise  for  the  peptide-based  EIA  as  a  valuable  screening  tool  for  the  detection  of 
antibodies  to  HTLV-I  and  II. 
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Iatrodaction 

We  have  recently  found  that  polystyrene-grafted  polyethylene  film  (PEPS) 
[1,  2]  is  a  highly  convenient  solid  support  for  Merri  field  synthesis  of  multiple 
peptides.  Because  of  its  hydrophobic  nature,  however,  the  PEPS  film  is  not  wetted 
by  aqueous  solutions  and,  therefore,  it  is  not  well-suited  for  certain  biotechnological 
applications  such  as  diagnostic  testing  and  affinity  purification.  We  now  describe  die 
preparation  and  properties  of  a  hydrophilic  version,  the  PEO-PEPS  film,  which  is 
equally  well-suited  for  peptide  synthesis  and,  in  addition,  exhibits  a  high  level  of 
solvation  in  aqueous  solution. 

Results  and  Discussion 

The  PEO-PEPS  film  was  prepared  in  the  following  way:  in  order  to  improve 
its  mechanical  properties,  a  polyethylene  film  was  crosslinked  by  preimdiation  with 
high  energy  electrons.  Subsequent  grafting  of  polystyrene  proceeded  smoothly  on  the 
crosslinked  material  to  obtain  a  168  wt  %  crosslinked  PEPS  film.  Surprisingly,  and 
in  contrast  with  non -crosslinked  PEPS  films,  no  inhomogeneities  due  to  bubbles 
containing  occluded  homopolymer  were  visible  in  the  grafted  polymer.  The 
crosslinked  PEPS  film  was  aminometfaylated  to  obtain  a  high  substitution  of  ca.  5.5 
mmol  amino  groups  per  gram  film.  A  Boc-benzhydrylaminopropionic  acid  linker 
(BHA)  was  loaded  onto  0.1  mmol  amino  groups  per  gram  film  and  the  remaining 
amino  groups  were  coupled  with  3,6,9-trioxadecanoic  acid  to  obtain  the  hydrophilic 
PEO-PEPS  film.  The  PEO-PEPS  film  was  found  to  be  very  hygroscopic,  gaining 
up  to  20%  in  weight  at  2S°C  and  50%  relative  humidity  and,  furthermore,  it 
exhibited  general  solvent  compatibility,  ranging  from  toluene,  through  DMF  to 
water. 

In  order  to  demonstrate  its  usefulness  for  solid-phase  peptide  synthesis,  we  have 
synthesized  human  gelsolin  fragment  (160-169)  on  the  PEO-PEPS  film  and 
compared  it  to  that  synthesized  on  the  unmodified  PEPS  film  (loaded  with  0.3  mmol 
BHA  linker/  gram  film).  The  fully  protected  Boc-Gln-Arg(Tos)-Leu-Phe-Gln-Val- 
Lys(Cl-Z)-01y-Arg(Tos)-Arg(To8)-BHA-PEO-PEPS  film  was  assembled  by  a 
standard  solid-phase  double  coupling  protocol  employing  in  situ  DIC  incorporation 
as  well  as  some  modified  procedures  for  specific  amino  acids  (Boc-dn  was  coupled  as 
HOBt  ester  to  minimize  the  dehydration  of  amide  to  nitrile  and  for  coupling  of  Boc- 
Pbe163  to  Ota1*4,  the  coupling  was  done  with  the  preformed  symmetrical  anhydride 
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to  minimize  pyrolidone  carboxylic  acid  formation).  Deprotection  and  release  of  the 
free  hGS  (160^69)  was  accomplished  with  anhydrous  HF  under  standard  conditions. 
Figure  1  shows  the  HPLC  chromatograms  of  the  crude  hGS  (160-69)  obtained  from 
A)  PE G- PEPS  film  and  B)  PEPS  film.  The  crude  hGS-(160-169)  was  purified  and 
the  correct  molecular  weight  was  established  by  fast  atom  bombardment  mass 
spectrometry  [found  (calcd),  1285.8  (1285.8)]. 
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Fig.  1.  Analytical  HPLC  chromatograms  of  crude  hGS  (160-169)  obtained  from  (A)  the 
PEO-PEPS  film  and  ( B )  the  PEPS  film.  Buffer  A,  5%  CH3CN/95%  H20/0.0445%  TFA; 
buffer  B.  60 %  CH3CN/40%  H20/0.0390%  TFA;  linear  gradient,  0-100 %  ofbttfer  B  in  30 
min;  flow  rate,  1.5  ml/min;  column,  mBONDAPAK™  C,g  (0.46  x  30  cm). 


In  conclusion,  it  has  been  demonstrated  that  it  is  possible  to  construct  a 
hydrophilic  film  support,  PEO-PEPS  film,  which  is  both  hygroscopic  and  at  the 
same  time  well-suited  as  a  solid  support  for  peptide  synthesis  in  organic  solvents. 
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Introduction 

The  need  to  include  solvation  effects  in  the  simulation  of  biomolecular  systems 
is  widely  acknowledged,  particularly  in  the  case  of  water  and  other  polar  solvents. 
Water  plays  a  crucial  role  in  determining  die  structure  and  conformation  of  both 
small  and  large  molecules  (peptides,  proteins,  nucleic  acids)  and  solvation/desolvation 
energies  contribute  significantly  to  binding  free  energies  in  ligand/receptor 
interactions,  often  determining  relative  potencies  of  drug  candidates.  Solvation  effects 
could  be  modelled  by  inclusion  of  explicit  water  molecules  in  the  simulations,  but 
this  approach  is  limited  by  the  high  computational  cost  associated  with  the  large 
number  of  water  molecules  needed  to  simulate  die  long  range  interactions  acting  in 
these  systems  and  by  the  complexity  of  the  water-biomolecule  interactions,  which 
include  electrostatic,  hydrophobic  and  dispersion  forces.  Because  of  these  limitations, 
a  number  of  simplified  models  have  been  proposed  to  represent  solvation  effects 
when  added  to  classical  energy  expressions  describing  in  vacuo  energies.  These 
models  include  empirical  scales  obtained  by  fitting  experimental  solvation  data  [1-3], 
and  models  that  treat  the  solvent  as  a  continuum  media,  such  as  continuum  dielectric 
models  based  on  the  Poisson-Boltzmann  (PB)  equation  [4]  and  models  based  on  a 
Generalized  Bom  (GB)  equation  [3,  6].  For  solvated  peptides  and  proteins  with 
multiple  charged  groups,  solvation  free  energies  are  dominated  by  the  electrostatic 
component.  Continuum  dielectric  models  based  on  the  PB  equation  have  been  shown 
to  represent  accurately  (within  the  limitations  of  continuum  models)  the  electrostatic 
component  of  solvation  for  small  polar  molecules  and  proteins  [7-9].  In  this  report, 
we  use  a  PB  model  to  investigate  the  dependence  of  electrostatic  solvauon  free  energy 
on  conformation,  including  effects  of  solvent-accessible  surface  area,  buried  charges, 
charge-charge  interactions  and  molecular  shape  and  we  examine  other  solvation 
models  to  determine  their  ability  to  reproduce  these  effects.  Finally,  we  propose  a 
new  model  based  on  fitting  and  parameterization  of  the  results  obtained  with  the  PB 
model.  The  new  model  might  offer  a  fast  method  to  couple  electrostatic  solvation 
effects  to  molecular  mechanics  simulations. 
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Results  ud  Discussion 

Model  systems  and  protocols.  The  peptide  hormone  endothelin-1  (ET-1)  was 
selected  as  model  system  for  these  studies.  ET-1  has  21  residues,  six  of  which  are 
ionized  at  neutral  pH:  N-terminal  Cys,  Asp  8,  Lys  9,  Glu  10,  Asp  18  and  C-terminal 
Trp,  resulting  in  a  net  charge  of  -2.  Over  120  different  conformations  of  this 
molecule,  obtained  in  a  previous  in  vacuo  conformational  search,  sample  a  wide 
variety  of  molecular  shapes,  solvent  exposures  and  relative  positions  and  orientations 
of  the  six  charged  groups.  Electrostatic  solvation  free  energies  were  calculated  for 
each  of  these  conformers  using  the  program  Delphi  [Biosym  Technologies,  Inc.].  By 
selectively  turning  "on"  and  "off”  the  formal  charges  on  these  conformers,  we  were 
able  to  investigate  the  effect  on  solvation  of  several  conformational  parameters,  such 
as  solvent-accessible  surface  area  of  exposed  single  charges,  distance  to  the  surface  for 
buried  charges,  distance  between  charges  and  overall  effect  of  molecular  shape. 

Solvation  of  single  charged  groups.  Examination  of  electrostatic  solvation  free 
energies  of  individual  charged  groups  (AGi)  reveals  a  correlation  with  their 
corresponding  solvent-accessible  surface  areas  (S),  but  several  observations  are 
noteworthy.  First,  the  relationship  between  AGi  and  S  is  not  linear,  as  assumed  by 
empirical  scales  models,  but  follows  an  apparent  exponential  decay.  Second,  AGi  is 
not  a  unique  function  of  S;  a  spread  of  ±5  keal/mol  in  the  correlation  between  the 
two  variables  is  typical,  suggesting  a  dependency  of  AGi  on  other  parameters  related 
to  molecular  shape.  Finally,  buried  charges  (with  zero  solvent  accessible  surface 
areas)  contribute  significantly  to  AGi,  with  the  magnitude  of  the  effect  being  related 
to  the  distance  from  the  charge  to  the  surface.  Empirical  scales  do  not  take  into 
account  the  effect  of  buried  atoms.  Models  based  on  the  GB  equation  rely  on 
numerical  calculation  of  effective  Bait  radii  for  each  charged  atom  in  die  molecule  to 
represent  the  dependency  of  AGi  on  solvent  exposure  and  conformation.  In  our 
implementation  of  one  GB  equation  model  [6],  we  found  that  by  adjusting  the 
dielectric  offset  (an  empirical  parameter  of  the  model)  we  could  reproduce  the  results 
obtained  with  Delphi  to  within  10-15%  error,  but  we  encounter  difficulties  in 
reproducing  electrostatic  solvation  free  energies  in  systems  with  both  exposed  and 
buried  charges.  In  addition,  the  computational  cost  of  these  type  of  models  increases 
rapidly  as  the  size  of  the  molecule  increases. 

Effect  of  charge-charge  interactions  on  solvation.  The  total  electrostatic 
solvation  free  energy  of  a  peptide  or  protein  with  multiple  charged  groups  is  not 
given  by  the  sum  of  the  electrostatic  solvation  free  energies  of  the  individual  charged 
groups.  We  found  that  the  relative  positions  of  the  charged  groups  can  have  a  drastic 
effect  on  solvation.  The  magnitude  of  the  electrostatic  solvation  free  energy  due  to 
charge-charge  interactions  (given  by  the  difference  between  the  electrostatic  solvation 
free  energy  calculated  with  all  the  charges  present  simultaneously  and  the  sum  of  die 
electrostatic  solvation  free  energies  of  the  individual  charged  groups)  depends  on  the 
magnitude  and  signs  of  the  charges,  the  distance  among  them,  their  solvent- 
accessibility  and  molecular  shape.  Simple  empirical  scales  models  do  not  have  terms 
for  charge-charge  interactions  and  cannot  reproduce  these  effects.  Models  based  on  die 
GB  equation  include  effects  of  charge-charge  interactions  on  solvation  as  a  pairwise 
function  of  effective  Bom  radii  and  distance  between  charges. 

New  model  based  on  parameterization  of  results  obtained  with  PB  model. 
Functional  forms  were  developed  and  parameterized  to  fit  the  electrostatic  solvation 
free  energies  obtained  with  Delphi  for  the  set  of  ET-1  conformers.  The  resulting 


878 


M.  Hasson  el  al. 


Computational  Biochemistry 


model  includes  terms  to  represent  solvation  of  exposed  or  partially  exposed  charged 
groups  as  a  function  of  solvent-accessible  surface  area,  solvation  of  buried  charges  as 
a  function  of  distance  to  the  surface  and  effect  of  charge-charge  interactions  as  a 
function  of  distance  between  charges  and  solvent-accessible  surface  areas.  The  new 
model  reproduces  the  electrostatic  solvation  free  energies  of  the  ET-1  conformers 
obtained  with  Delphi  with  an  average  error  of  less  than  5%,  although  larger  errors 
were  observed  in  cases  with  close  approach  between  charges.  Application  of  the  new 
model  to  calculate  electrostatic  solvation  free  energies  of  a  set  of  27  high-resolution 
protein  structures  from  the  Brookhaven  Data  Base  resulted  in  similar  average  errors, 
less  than  5%,  indicating  that  the  model  might  be  transferable  to  systems  outside  of 
the  training  set. 

The  computational  times  associated  with  the  application  of  the  new  model  to 
peptides  and  proteins  with  formal  charges  are  of  the  same  order  of  magnitude  as  for 
empirical  scales  models  and  significantly  less  than  the  times  required  by  continuum 
dielectric  models  based  on  Poisson-Boltzmann  equation  or  models  based  on  the 
Generalized  Bom  equation.  Further  tests  are  under  way  to  ensure  the  transferability  of 
the  model  and  to  investigate  the  possibility  of  coupling  it  to  empirical  force  field 
energy  expressions  representing  the  energy  of  the  peptide  or  protein  in  vacuo,  in  order 
to  include  solvation  effects  on  molecular  simulations.  The  effect  on  solvation  of 
other  electrostatic  phenomena  such  as  dielectric  and  ionic  boundary  pressures  [10], 
not  included  in  our  parameterization  of  the  Poisson-Boltzmann  results,  will  also  be 
investigated. 
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Introduction 

CHARMm22  parameters,  partially  derived  from  ab  initio  studies  [1, 2],  are  used 
in  calculations  of  two  cyclic  bexapepddes  whose  structures  are  known  from  x-ray 
crystallography  [3,  4].  In  comparing  calculated  results  with  x-ray  structures,  one 
must  consider  that  the  latter  are  at  or  near  room  temperature  with  full  environmental 
interactions.  Energy  minimized  structures  may  be  considered  to  be  at  zero  Kelvin. 
Thus,  it  is  not  obvious  that  by  minimizing  a  cyclic  peptide  without  the  crystal 
environment,  one  should  expect  to  obtain  the  exact  conformation  found  in  the 
crystal.  However,  adding  water  molecules  and  carrying  out  dynamic  simulations  can 
provide  some  modeling  information  on  the  stability  of  these  cyclic  peptides  in 
solution,  and  these  results  in  turn  can  be  compared  to  the  crystal  data  [5-8]. 

Results  and  Discussion 

All  calculations  are  carried  out  on  a  Silicon  Graphics  Iris  4D/310GTX  or  IBM 
RS/6000  using  QUANT  A3. 3  and  CHARMm22.  The  starting  conformations  of  the 
molecules  studied  are  the  x-ray  structures  [3, 4]  with  hydrogen  atoms  added.  Atoms 
are  typed  and  charged  according  to  QUANTA  template  files.  TTP3P  waters  me  placed 
around  the  peptides  and  dynamics  is  used  to  allow  water  reordering.  Heating  by 
dynamics  (300  K)  and  subsequent  energy  minimization  is  carried  out  several  times  to 
achieve  consistent  results  for  solvated  molecules.  Unit  dielectric  is  used  throughout. 
Peptides  studied  are  cyclk-(AFdF)2  and  cyclkKGPdF)* 

The  results  of  the  calculations  are  summarized  in  Tables  1  and  2.  Cyclic- 
(APdF>2  and  cyclk-(GPdF>2  conformational  states  are  searched  using  peptide  flip  and 
dynamics  simulations  in  an  attempt  to  find  conformations  that  arc  more  stable  than 
the  x-ray  structure.  The  results  of  these  in  vacuo  searches  showed  that  the  Ala 
containing  peptide  was  most  stable  close  to  the  x-ray  conformation  while  the  glycine 
containing  peptide  folds  into  a  lower  energy  conformation  (see  Table  2)  that  is  more 
compact  than  the  x-ray  structure  and  is  an  asymmetric  conformation. 
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Table  1  Comparison  of  calculated  and  experimental  dihedral  angles  (Phi  and  Psi)  for 
energy  minimized  structures  of cyclicfAla-Pro-DPhek 


Residue 

Exp.* 

Vacuo  Solv 
Symm  Symm 

Symm 

Diff 

Solv 

Diff 

Vacuo 

Asym 

Solv  Vacuo  Solv 
Asym  Diff  Diff 

Ala 

-157 

-156 

-160 

1 

3 

-156 

-172 

1 

15 

172 

165 

163 

7 

9 

168 

166 

4 

6 

Pro 

-60 

-62 

-57 

2 

3 

-56 

-58 

4 

2 

123 

111 

113 

12 

10 

111 

118 

12 

5 

DPhe 

78 

66 

64 

12 

14 

61 

76 

17 

2 

9 

30 

21 

21 

12 

31 

9 

22 

0 

Ala 

-157 

-156 

-147 

1 

10 

-153 

-156 

4 

1 

172 

165 

165 

7 

7 

164 

166 

8 

6 

Pro 

-60 

-62 

-66 

2 

6 

-63 

-57 

3 

3 

123 

111 

114 

12 

9 

109 

120 

14 

3 

DPhe 

78 

66 

76 

12 

2 

70 

63 

8 

15 

9 

30 

19 

21 

10 

26 

45 

17 

36 

Avg  Diff 

9b 

8C 

10d 

8* 

Energy  (kcal/mol) 
Binding  Energy 

-112.8 

-110.6 
-91. 3C 

-113. 5d 
-91.3 

-107.6 

-106.0* 

“Experimental  values  from  [3];  '’Comparative  values  are  45°  in  [9],  and  10°  from  previous 
Q/C  calculations  [8];  cThe  value  for  the  total  solvation  energy  (38  waters,  water-water 
included)  is  -340  kcal/mol,  minimized  to  a  gradient  <0.01  kcal/mol/A.  The  loss  in 
internal  energy  of  symmetry  upon  solvation  is  2.2  kcal/mol.  dAsymmetry  created  by 
proline  up/down  ring  pucker.  “The  solvation  energy  is  -566  kcal/mol,  from  50  ps 
dynamics,  energy  minimized  as  sampled  from  the  last  10  ps.  The  prolines  are  symmetrical 
after  dynamics.  (N.B.  The  Pbi  and  Psi  angles  are  listed,  respectively,  by  pairs  for  each 
residue.) 

Internal  geometries  calculated  in  vacuum  for  both  compounds  agree  well  with 
the  x-ray  structures.  The  largest  differences  between  calculated  and  experimental 
individual  bond  lengths  are  0.03  A,  with  an  average  value  over  all  bonds  of  0.01  A. 
Deviations  in  "verage  bond  angle  are  approximately  1°. 

The  results  described  above  lead  us  to  conclude  that  the  CHARMm22  force 
field  is  effective  in  modeling  peptide  structures,  energetics,  and  conformational 
properties.  Solvating  these  peptides  resulted  in  their  internal  energy  increasing,  more 
in  die  asymmetric  than  the  symmetric  form  for  both  analogs.  Further,  summing  the 
binding  energy  and  internal  energy  favored  the  asymmetric  form  of  these  analogs. 
Thus,  one  must  be  aware  that  these  flexible  peptides  may  not  be  the  same  in  solution 
as  in  the  crystal  environment.  These  results  have  ramifications  in  the  design  of 
peptide  drugs  where  the  solution  structure  may  be  the  preferred  conformation  for 
rational  drug  design. 
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Table  2  Comparison  of  calculated  and  experimental  dihedral  angles  (Phi  and  Psi)  for 
energy  minimized  structures  of  cyclic-(Gty-Pro-DPhe)2 


Residue 

Exp* 

Vacuo 

Symm 

Solvb  Vacuo 
i  Symm  Diff 

Solv 

Diff 

Vacuo 

Asymc 

Solv  Vacuo 
Asymd  Diff 

Solv 

Diff 

Gly 

178 

IT? 

180 

1 

2 

-65 

-68 

113 

no 

163 

-166 

-169 

31 

28 

121 

-176 

42 

21 

Pro 

-64 

-51 

-63 

13 

1 

-45 

-63 

19 

1 

132 

112 

115 

20 

17 

118 

114 

14 

18 

DPhe 

106 

123 

127 

16 

21 

120 

131 

14 

25 

-14 

-28 

-31 

14 

17 

-23 

56 

9 

70 

Gly 

178 

177 

-174 

1 

8 

-146 

90 

26 

88 

163 

-166 

166 

31 

3 

-163 

179 

34 

16 

Pro 

-64 

-51 

-45 

13 

19 

-58 

-56 

6 

8 

132 

112 

117 

20 

15 

114 

120 

18 

12 

DPhe 

106 

123 

131 

17 

25 

82 

131 

24 

25 

-14 

-28 

-34 

14 

20 

-74 

-113 

60 

74 

AvgDiff 

16 

16 

32 

39 

Energy  (keal/mol) 
Binding  Energy 

RMS  dev  (all) 

RMS  dev  (bb) 

-116.1 

-113.1 

-109.8* 

0.7f 

0.3f 

-121.0 

-101.3 
-128. le 

“Experimental  values  from  [4];  bValues  for  solvated  energy  minimized  conformation,  after 
heating  to  500  K;  cMolecule  is  made  asymmetric  by  different  up/down  proline  ring  pucker; 
dAfter  50  ps  of  dynamics,  a  sample  structure  from  the  last  10  ps  is  minimized.  Molecule 
returns  to  asymmetric  form  without  waters;  ‘Interaction  energy  between  36  waters  and  the 
peptide;  fRMS  deviation  of  (all)  heavy  atoms  included,  and  RMS  deviation  of  only 
backbone  (bb)  heavy  atoms.  (N.B.  The  Phi  and  Psi  angles  are  listed,  respectively,  by 
pairs  for  each  residue.) 
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Introduction 

The  folding  of  local  secondary  structure  has  been  a  key  subject  for  study  of 
protein  folding  and  for  rational  protein  design.  Rational  protein  design  would  benefit 
from  the  quantitative  analysis  of  sequence-stability  relationships  of  locally  folded 
protein  structure.  The  stability  of  locally  folded  conformation  may  depend  on  the 
chirality  of  composing  residues.  Experimental  analysis  of  local  folding  is  difficult 
because  short  oligopeptides  generally  do  not  form  stable  folded  conformations  in 
solution.  Molecular  simulation  allows  one  to  constrain  the  conformation  of  a  model 
polypeptide  to  a  desired  secondary  structure  and  calculate  the  effect  of  the  primary 
sequence  on  the  stability  of  local  folds.  Recently,  we  applied  free  energy  simulations 
to  estimate  the  sequence  dependence  and  the  role  of  chirality  in  the  stability  of  type-I 
and  type-I’  (1-turn  [1].  For  f}-tum  models,  we  studied  a  chirally  representative  set  of 
nine  dipeptides  of  die  form  CH3CO-Ll-L2-NHCH3,  where  loop  residues  LI  (i+1)  and 
L2  (i+2)  are  Gly  (G),  L-Ala  (A),  or  D-Ala  (a).  In  this  paper,  we  extend  our  work  to 
include  other  types  of  secondary  structure,  i.e.  types  II  and  II’  P-tums,  right  and  left- 
handed  helices,  right  and  left-handed  (1- sheet  and  extended  conformation. 

Resalts  and  Discussion 

The  relative  free  energies  of  die  model  dipeptides  configured  as  various  typical 
secondary  structure  elements  were  estimated  by  free -energy  simulations  (slow  growth 
method).  All  calculations  were  performed  in  explicit  water  environment  using  the 
CEDAR  program  developed  by  Pfof.  J.  Hermans  at  the  University  of  North  Carolina. 
An  a-hydrogen  atom  of  a  Gly  residue  at  LI  and/or  L2  was  replaced  by  a  methyl 
group  (thus  converting  Gly  into  either  L-Ala  or  D-Ala)  and  the  associated  change  in 
free -energy  was  calculated.  The  general  scheme  of  molecular  replacement  is  presented 
in  Figure  1.  The  free  energy  change  along  each  path  was  calculated  eight  times  (four 
forward  and  four  reverse)  in  order  to  obtain  the  mean  AAG°  and  the  rmsd  of  the  mean. 
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AAJU----faGA Jtjf  ;:±iU 


Fij.  1.  Replacement  paths  for  interconverting  the  model  dipeptides  in  various 
conformations  X,  where  X  is  right-handed  or  left-handed  helix  (H  and  H‘,  respectively), 
right-handed  or  left-handed  fi-sheet  (S  and  S’),  type-1  or  type-l’  (7  and  l’)  and  type-Il  or 
type-11’  (II  and  11’)  fi-tum,  and  extended  (E)  conformations. 
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Fig.  2.  Calculated  relative  free  energy  of  folding  (vs.  GC  dipeptide)  of  model  dipeptides 
from  extended  conformation  into  various  locally  folded  conformations.  The  dipeptides 
that  are  mirror  images  of  each  other  have  identical  free  energies.  Each  reported  value  is  the 
difference  between  AG  of  folding  a  given  dipeptide  and  GG  dipeptide  from  extended  into 
folded  conformation. 
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Due  to  molecular  symmetry,  die  free  energy  of  mirror- image  backbone 
conformations  of  the  GG  di peptide,  i.e.,  H  and  H',  S  and  S’,  I  and  I’,  and  n  and  IT 
are  identical.  The  same  relationship  also  holds  for  other  pairs  of  model  dipeptides 
with  opposite  chirality,  i.e.  AA_X/aa_X%  GA_X/Ga_X*,  etc.  Therefore,  the 
results  of  free  energy  calculations  for  any  type  of  secondary  structure  X  of  Figure  1 
are  directly  applicable  to  X’.  Furthermore,  the  AG°  of  molecular  replacement 
AA_X=>aa_X  has  the  same  meaning  as  the  AG°  of  refolding  AA_X=>AA_X’ 
(because  AA_X’  and  aa_X  are  computationally  equivalent).  Thus  molecular 
replacement  calculations  of  Figure  1  provide  estimates  of  the  free  energy  of  refolding 
of  model  dipeptides  between  mirror-image  backbone  conformations.  From  these 
calculations,  the  following  dipeptides  were  found  to  have  the  highest  tendency  to 
refold  toward  a  particular  conformation  X:  AA_I,  aa_I\  Aa_Il,  aA_II’, 
AA_H\  aa_H%  AA_S,  and  aa_S\ 

The  consideration  of  extended  backbone  conformation  as  the  model  of  the 
unfolded  state  and  the  application  of  the  thermodynamic  cycle  concept  [2]  afforded 
calculations  of  relative  free  energy  of  folding  of  model  dipeptides  into  typical 
secondary  structures  (Figure  2).  The  chirality  had  a  profound  effect  on  the  folding 
propensity  of  dipeptides,  and  the  strength  of  the  effect  was  dependent  on  the  local 
secondary  structure.  For  instance,  the  DAla-containing  dipeptides  had  either  a 
negligible  or  slightly  negative  tendency  to  form  helices  and  type-I  turns,  respectively, 
but  strongly  disfavored  the  formation  of  typical  ji- sheet. 

The  molecular  replacement  calculations  of  Figure  1  provided  the  free  energy  of 
refolding  of  model  dipeptides  between  mirror-image  conformations.  However,  from 
such  simulations  we  cannot  estimate  the  free  energy  of  refolding  between  symmetry- 
nonrelated  conformations,  e.g.,  helices  and  ^-sheets.  In  order  to  address  this 
problem,  we  devised  a  novel,  peptide-growth  simulation  approach.  By  calculating 
the  AG°  of  changing  CH3CO-NHCH3,  which  lacks  any  conformation,  into  CH3CO- 
GlyGly-NHCH3  constrained  to  different  main  chain  conformations,  one  can  estimate 
the  relative  free  energies  of  different  stable  folded  conformations  of  the  GG  dipeptide. 
No  knowledge  or  assumption  about  the  nature  of  the  unfolded  state  is  needed.  These 
peptide-growth  simulations  yielded  the  following  relative  free  energy  values  (in 
kcal/mol):  GG_H,  0;  GG_S,  0.4;  GG_II,  1.2;  GG_I,  1.7.  By  combining  these 
data  with  the  results  of  molecular  replacement  calculations  of  Figure  1,  the  relative 
free  energy  of  refolding  between  all  possible  folded  conformations  of  model  dipeptides 
can  easily  be  obtained. 
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Introduction 

Tissue  kallikrein  (EC  3.4.21.35)  is  a  serine  protease  that  cleaves  low  molecular 
weight  kininogen  to  yield  kinins  such  as  kallidin  (lysyl-bradykinin).  Kinins  may  be 
involved  in  many  physiologic  functions  including  the  regulation  of  blood  flow  in 
some  organs,  vascular  permeability  and  pain.  Overproduction  of  kinins  is  implicated 
in  rheumatoid  arthritis,  diabetic  glomerulonephritis,  algesia,  and  rhinitis.  There  are 
many  other  biologically  important  serine  proteases  in  the  body  which  are  also  closely 
related  to  trypsin  and  inhibitors  which  specifically  block  tissue  kallikrein  are  not 
available.  Research  to  clarify  the  in  vivo  function  of  tissue  kallikrein  is  hindered  by 
a  lack  of  a  selective  inhibitor.  In  addition,  use  of  nonspecific  human  tissue  kallikrein 
inhibitors  as  therapeutic  agents  may  be  hampered  by  side-effects  caused  by  the  lack  of 
specificity.  Specificity  has  thus  become  a  key  issue  in  the  development  of  tissue 
kallikrein  inhibitors. 

An  effort  has  been  made  to  design  a  highly  specific  tissue  kallikrein  inhibitor 
by  modifying  the  P,  residue  (arginine)  in  the  lead  substrate  analog  inhibitor  Pro-Phe- 
Arg-Ser- V al-Gln-NH2  (KIBR-11)  [1],  Molecular  modeling  studies  leading  to  a 
highly  specific  tissue  kallikrein  inhibitor  (K1ZD-06)  are  reported  here. 

Results  and  Discussion 

The  X-ray  crystal  structures  of  porcine  pancreatic  kallikrein  (6PPK)  and  bovine 
trypsin  clearly  show  that  the  former  has  a  restricted  opening  to  the  S,  subsite  [2]. 
This  is  mainly  because  tissue  kallikreins,  including  human  urinary  kallikrein  (HUK) 
and  PPPK,  have  an  extra  Pro219  in  the  segment  forming  the  entrance  to  S,  when 
compared  with  other  members  of  the  trypsin-like  serine  proteases  (Table  1).  Another 
unique  aspect  of  the  tissue  kallikreins  is  that  residue-226  in  the  S,  pocket  is  serine. 
AH  other  serine  proteases  whose  sequences  are  known  have  a  glycyl  residue  at  this 
position.  Molecular  modeling  (Hyperchem)  shows  that  incorporation  of  l-4- 
aminophenylalanine  (Aph)  into  KIBR-1 1  at  P,  should  yield  specific  inhibitors  for 
tissue  kallikrein.  The  bulky  benzene  ring  of  Aph  can  fit  through  the  roomy  entrance 
to  the  S,  pocket  of  tissue  kallikrein  to  form  an  H-bond  with  Ser226.  The  Aph 
residue  should  not  fit  through  the  constricted  entry  to  other  members  of  the  trypsin 
family  which  also  lack  an  oxygen  in  the  side  chain  at  position-226.  In  addition, 
there  is  a  possible  hydrophobic  interaction  between  the  aromatic  ring  of  Aph  and 
residue- 192  in  tissue  kallikreins.  In  all  other  serine  proteases  checked  this  residue  is 


886 


J* 


Z  Dong  and  J.  Burton 


Computational  Biochemistry 


more  polar  and  this  interaction  would  not  be  favored  (Table  1).  Synthesis  of  the 
sequence  Pro-Phe-Aph-Ser-Val-Gln-NHj  verified  these  predictions.  KIZD-06  has  an 
improved  Ki  for  human  tissue  kallikrein  (21  vs.  SO  fiM)  and  does  not  block  other 
members  of  the  trypsin  family  including  human  plasma  kallikrein,  human  thrombin, 
human  piasmin,  human  urokinase,  or  human  trypsin  (K^  >  5  mM).  In  addition  the 
inhibitor  does  not  block  the  clotting  cascade.  KIZD-06  is  the  most  specific  tissue 
kallikrein  inhibitor  ever  reported. 

Table  1  Comparison  of  the  amino  acid  sequences  in  the  S,  subsites  of  various 
proteases 


Residue 

-*  192 

215 

216 

217 

218 

219 

220 

226 

PPPK 

Met 

Tip 

Gly 

His 

Dir 

Pro 

Cys 

Ser 

HUK 

Val 

Tip 

Gly 

Tyr 

Val 

Pro 

Cys 

Ser 

HPK 

Lys 

Tip 

Gly 

Glu 

Gly 

.... 

Cys 

Gly 

hTrypsin 

Gin 

Tip 

Gly 

Asp 

Gly 

.... 

Cys 

Gly 

Throm 

Glu 

Tip 

Gly 

Glu 

Gly 

.... 

Cys 

Gly 

Plas 

Gin 

Tip 

Gly 

Leu 

Gly 

.... 

Cys 

Gly 

Uro 

Gin 

Trp 

Gly 

Arg 

Gly 

.... 

Cys 

Gly 

flPPK,  porcine  tissue  kallikrein;  HUK,  human  tissue  kallikrein;  HPK,  human  plasma 
kallikrein;  hTrypsin,  human  trypsin;  Throm,  human  thrombin;  Plas,  human  piasmin;  Uro, 
human  urokinase. 
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Solution  structure  of  RP71955,  a  new  21-amino 
acid  tricyclic  peptide  active  against  HIV-1  virus 
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Introdaction 

The  search  for  new  and  effective  agents  in  the  treatment  of  HIV  infection  and 
AIDS  related  complex  is  a  major  priority  in  the  pharmaceutical  industry.  Upon 
screening  for  new  anti-HIV  agents,  a  secondary  metabolite  from  a  strain  of 
actinomycetes,  RP71955,  has  been  found  to  inhibit  HIV  replication  in  cell  culture. 

In  this  paper,  we  will  focus  on  the  determination  of  the  structure  of  RP71955. 
This  product  has  been  found  to  be  an  original  21  amino  acid  tricyclic  peptide.  Its 
primary  structure  was  determined  using  an  ensemble  of  spectroscopic  techniques, 
combined  with  sequencing  of  fragments  obtained  by  limited  chemical  hydrolysis.  A 
detailed  conformational  analysis  of  RP71955  was  performed  from  NMR  derived 
constraints  using  distance  geometry,  restrained  molecular  dynamics,  NOE  back 
calculation  and  an  iterative  refinement  using  a  full  relaxation  matrix  treatment. 

Results  aud  Discussion 

RP71955  could  not  be  sequenced  classically  using  Edman  degradation, 
suggesting  that  there  was  no  free  terminal  NHj.  Therefore,  the  determination  of  its 
primary  structure  had  to  rely  on  the  results  of  an  ensemble  of  spectroscopic 
techniques:  FAB/MS,  NMR  and  Raman  spectroscopy,  supported  by  amino  acid 
analysis.  The  sequence  of  RP719S5  was  determined  by  NMR  spectroscopy  taking 
into  account  the  fact  that  for  all  secondary  structure  motifs,  sequential  HOj  -  HNi+i 
NOEs  were  observed  [1].  Based  on  this  information,  the  following  sequence  was 
proposed: 

1  10  20 
XLGIGSXNXFAGXGYAVVXFW 
Raman  spectroscopy  showed  the  presence  of  two  disulfide  bridges  suggesting  that 
four  of  the  unknown  residues  were  cysteines.  From  the  results  of  FAB/MS  as  well 
as  amino  acid  analysis,  it  was  shown  that  the  fifth  unknown  amino  acid  was  D  and 
that  die  peptide  had  an  internal  amide  bond.  Furthermore,  a  strong  NOE  between  HN 
of  XI  and  the  P  protons  of  X9  suggested  that  X9  was  D  and  that  the  internal  amide 
bond,  was  between  HN  of  XI  and  the  7CO  of  D9.  Therefore,  residues  1,7,  13  and 
19  were  C.  NOEs  between  Ha  of  Cl  and  the  2  HP  of  C13,  and  between  the  Hf)  of 
C7  and  the  HP  of  C19  showed  that  the  disulfide  bridges  were  linking  Cl  to  C13  and 
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Fig.  1.  RP71955  primary  structure.  Fig.  2.  20  structures  of  RP71955  are  superimposed 


Cl  to  C19.  The  sequence  was  confirmed  by  sequencing  peptide  fragments  obtained 
by  limited  chemical  hydrolysis.  The  primary  structure  is  presented  in  Figure  1 . 

About  120  distance  constraints  were  determined  using  MARDIGRAS  [2]  and 
were  used  for  generating  3D  structures  using  DIANA  [3].  The  best  structures  were 
submitted  to  energy  minimization  followed  by  restrained  Molecular  Dynamics 
(Discover  software  from  Biosym  Technologies).  The  structures  showing  the  best  fit 
with  the  experimental  data  were  used  for  backcalculation  of  the  NOESY  spectrum  and 
comparison  with  the  experimental  data.  The  refinement  procedure  was  repeated  until 
the  agreement  between  experimental  and  calculated  data  was  satisfactory.  The  final 
set  of  distance  constraints  consisted  of  14S  distances  between  isolated  proton  pairs, 
66  distances  extracted  from  the  interpretation  of  overlapping  proton  pair  and  1771 
lower  distances  limits  between  proton  pairs  presenting  no  correlations.  A  SO  cycles 
high  temperature  restrained  MD  (2  ps  at  900  K,  2  ps  at  300  K,  minimization)  was 
performed  on  one  of  the  best  structure  in  order  to  get  further  insight  into  the 
mobility  of  the  structure.  The  50  structures  obtained  were  superimposed.  The 
average  pairwise  RM$D  calculated  for  the  main  chain  of  residues  1  to  18  is  0.6 
Angstrom.  The  R  factor  calculated  using  CORMA  [4]  is  less  than  0.4  Angstrom. 
Bond  angles  and  solvent  accessibility  are  compatible  with  experimental  results.  The 
structures  having  the  best  fit  with  experimental  data  were  checked  for  structural 
quality  using  Procheck  (Oxford  Molecular).  The  structures  selected  are  presented 
superimposed  in  Figure  2. 

RP  719SS  has  been  found  to  inhibit  HIV-1  induced  syncitia  formation  but  not 
the  interaction  of  GP120  with  CD4.  Although  the  mode  of  action  of  RP71955  is 
not  elucidated,  it  is  interesting  to  point  out  the  fact  that  RP719S5  show  a  33% 
sequence  identity  with  residues  608-628  of  GP41  [5].  This  region  of  GP41  has  been 
shown  to  be  of  critical  importance  in  the  assembly  of  env  glycoproteins  [6].  The 
activity  of  RP719SS  could  be  due  to  an  inhibition  of  GP41  association  which  seems 
to  be  essential  for  GP41  induced  fusion. 
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Introduction 

Our  goal  in  modeling  endothelin-1  (ET-1)  is  to  investigate  the  effect  of 
environment  on  conformational  preference  for  this  twenty-one  residue  peptide. 
Because  ET-1  is  a  highly  charged  peptide  (six  ionizable  groups  at  neutral  pH),  we 
investigate  the  influence  of  the  electrostatic  contribution  to  the  solvation  energy  on 
conformational  preference  in  water  by  using  a  continuum  electrostatics  model  to 
screen  confonners  of  ET-1  previously  generated  by  in  vacuo  conformational  search. 
In  further  studies,  we  are  investigating  the  influence  on  conformational  preference  of 
interactions  of  ET-1  with  individual  water  molecules  in  molecular  dynamics 
simulations  with  explicit  waters. 

Results  and  Discussion 

An  extensive  search  of  conformational  space  was  carried  out  for  ET-1  modeled 
as  a  neutral  unionized  species  by  the  combination  of  two  different  techniques  in 
vacuo,  high  temperature  molecular  dynamics  simulations  and  a  Monte 
Carlo/m i ni mi zation  procedure  in  torsion  angle  space.  Low  energy  conformers  for 
ET-1  modeled  in  this  way  are  compact  structures  stabilized  by  interaction  of  the  ring 
region  of  ET-1  (defined  by  disulfide  bridges  between  Cys'-Cys15  and  Cys3-Cys") 
with  the  tail  (residues  16-21).  The  electrostatic  contribution  to  the  solvation  free 
energy  in  aqueous  solution  was  calculated  for  140  diverse  conformers  using  the 
program  DelPhi  (Biosym  Technologies,  Inc.).  In  this  approach  the  electrostatic  field 
in  and  around  the  molecule  is  calculated  using  a  finite  difference  solution  to  the 
Poisson-Boltzmann  equation  [1,  2].  ET-1  (the  solute)  is  treated  at  an  atom  level 
while  the  solvent  is  represented  by  a  continuum  dielectric  medium.  In  order  to 
calculate  the  electrostatic  polarization  energy  using  DelPhi,  the  con  former  is  mapped 
onto  a  three  dimensional  grid  by  assigning  values  of  charge  and  dielectric  constant  to 
grid  points.  The  internal  dielectric  constant  of  the  molecule  is  defined  as  e=2  in  order 
to  take  into  account  the  effects  of  electronic  polarizability  in  the  solute.  Grid  points 
outside  the  molecular  volume  are  assigned  the  dielectric  constant  of  the  environment. 

The  electrostatic  contribution  to  the  solvation  energy  for  a  given  ET-1 
confonner  is  calculated  as  the  difference  in  reaction  field  energy  for  the  conformer  in 
water  (e  *  80)  and  vacuum  (e  *  1).  The  total  energy  is  the  sum  of  the  internal 
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electrostatic  energy  for  that  conformer  and  the  electrostatic  polarization  energy.  The 
internal  coulombic  energy  was  obtained  for  the  140  conformers  with  full  charges  on 
Asp8,  Lys9,  Glu10,  Asp18,  the  N-  and  C-tenninus,  and  with  partial  charges  otherwise. 
DelPhi  is  used  to  calculate  the  electrostatic  polarization  energy  using  these  same 
charges.  The  internal  electrostatic  energy  and  the  electrostatic  polarization  energy 
have  compensating  effects.  While  the  internal  coulombic  energy  favors  the  close 
approach  of  charges  of  like  sign,  the  electrostatic  polarization  energy  favors  the  close 
approach  of  charges  of  opposite  sign. 


Asp  18  Asp18 


Fig.  I .  ET-I  conformer  in  this  study  most  favored  by  the  electrostatic  contribution  to 
solvation  energy  in  aqueous  solution.  Note  the  helical  backbone  motif  and  orientation  of 
Asp8,  Lys9  and  Glu10  which,  along  with  the  placement  of  the  tail,  enhances  solvation  by 
placing  sidechains  of  like  charge  " adjacent "  in  space. 

It  is  interesting  to  note  that  the  conformer  in  this  study  that  is  most  favored  by 
the  electrostatic  contribution  to  the  solvation  energy  in  water  (Figure  1)  is 
characterized  by  a  helical  backbone  motif  in  the  region  of  residues  9-13.  Negatively 
charged  sidechains  of  Asp8  and  Glu10  are  in  close  proximity  with  the  positively 
charged  Lys9  side  chain  directed  away  from  this  region.  The  tail  of  ET-1  is  folded  to 
place  Asp18  and  the  C-terminus  well  away  from  Lys9  and  the  N-terminus.  Solvation 
is  enhanced  in  this  conformation  of  ET- 1  by  sidechains  of  like  charge  that  are 
"adjacent"  in  space.  Comparison  with  an  NMR  model  for  which  coordinates  have 
been  reported  [3]  reveals  that  the  helical  backbone  conformation  of  residues  10-13  in 
Figure  1  is  shared  with  the  NMR  model.  This  helical  motif  has  been  reported  in 
NMR  studies  in  a  variety  of  solvents  by  many  authors,  however,  preferred 
orientations  of  the  tail  of  ET-1  can  be  presumed  to  vary  with  solvent. 
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We  observe  that  the  electrostatic  contribution  to  the  solvation  energy 
substantially  alters  conformational  preferences  for  the  highly  charged  peptide  ET-1  in 
water  from  that  predicted  in  vacuo.  The  in  vacuo  conformational  search  for  ET-1 
modeled  as  a  neutral  unionized  species  provides  a  wide  range  of  diverse  conformers 
and  the  electrostatic  contribution  to  the  solvation  energy  calculated  for  ET-1  as  an 
ionized  species  dramatically  favors  some  conformers  over  others  to  reveal 
conformational  preferences  in  water.  In  this  study,  the  conformer  most  favored  by 
the  electrostatic  contribution  to  the  solvation  energy,  Figure  1,  is  more  than  30 
kcal/mol  higher  in  energy  as  a  neutral  unionized  species  than  the  lowest  energy 
conformer  generated  for  ET-1  as  the  unionized  species. 
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Introduction 

Nearly  antiparallel  or  parallel  orientation  of  adjacent  a-helices  is  the  common 
feature  of  a-bundle,  membrane  and  a-fibrous  proteins.  There  are  strong  constraints 
on  the  mutual  arrangement  of  the  helices  as  result  of  close  side  chain  packing  like 
“knobs  into  holes”  [1]  or  “ridges  and  grooves”  [2]  at  the  helix  to  helix  interfaces. 
This  suggests  that  some  average  sets  of  a-carbon  coordinates  for  the  packing  classes 
may  be  calculated  and  applied  for  energy  docking  of  a-helices  and  design  of  new  a- 
helical  peptides  and  proteins.  These  unified  coordinate  frameworks  were  identified 
here  by  superposition  of  helix  pairs  taken  from  the  protein  spatial  structures 
represented  in  the  Protein  Data  Bank. 

Results  and  Discussion 

Two  groups  of  helix  pairs  with  left-handed  antiparallel  and  right-handed  parallel 
packing  (65  and  49  pairs  respectively)  were  represented  by  well-separated  peaks  with 
maxima  at  -165°  and  +20°  in  the  overall  distribution  of  interhelix  angles  cd  for  41 1 
helix  pairs  from  71  selected  protein  structures.  All  long  helix  pairs  from  membrane 
(photoreaction  center  and  bacteriorhodopsin)  and  4-a-bundle  proteins  fall  into  these 
groups.  The  search  for  the  common  coordinate  frameworks  consists  of  calculation  of 
root  mean  square  differences  of  a-carbon  positions  (D)  between  all  helix  pairs  within 
each  group  and  choice  of  the  best  reference  helix  pairs  for  the  overall  superposition. 
The  differences  D  were  calculated  for  the  overlapped  portions  of  helices  (Figure  1) 
which  have  lengths  of  at  least  5  residues  per  helix. 

Helix  pairs  of  the  antiparallel  packing  class  with  different  interhelix  distances  d 
{d  varies  from  6.5  to  12.0  A)  can  be  superimposed  well  as  a  result  of  their 
longitudinal  shift  relative  to  each  other  (Figure  1).  Two  helix  pairs  (19-37,  41-64 
and  19-37,  93-108  from  the  mvohemerythrin  spatial  structure)  with  different 
interhelix  distances  (9.0  and  10.9  A  respectively)  were  chosen  as  the  best  references. 
60  helix  pairs  from  the  total  of  65  have  deviations  D  £  1.2  A  from  at  least  one  of 
these  helix  pairs  (see  Figure  2).  A  unified  framework  may  be  calculated  by 
superposition  and  averaging  of  these  two  reference  pairs  (as  shown  in  Figure  1)  and 
all  other  pairs  of  the  same  packing  class.  This  framework  looks  like  a  pair  of  long 
slightly  coiled  a-helices  with  variable  interhelix  distance.  The  relative  position  of 
any  two  individual  antiparallel  helices  may  be  defined  approximately  (with  a 
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precision  SI. 2  A  in  terms  of  D)  by  two  integer  values,  which  we  shifts  of  the  helices 
within  the  framework,  instead  of  usual  six  degrees  of  freedom. 


Fig.  1.  Superposition  of  antiparallel  helix  pairs  with  different  interhelix  distances  d: 
helices  171-198  and  226-250  of  photoreaction  center  L  subunit  (dashed  line,  d=7.2  A), 
19-37  and  41-64  of  myohemerythrin  (solid  line,  d-9.0  A)  and  19-37  and  93-108  of 
myohemerythrin  (bold  dashed  line,  d-10.9  A). 

In  a  similar  manner,  the  parallel  packing  class  may  be  represented  by  two  sets 
of  overlapped  helix  pairs  with  medium  and  wide  separation  of  a-helices  and  the 
difference  D  S  1.2  A  from  the  correspondent  reference  pairs:  helices  143-166,  261- 
284  of  photoreaction  center  M  subunit  (<£=8.5  A)  and  two  74-128  helices  of  different 
hemagglutinin  subunits  of  (d-\  1.2  A).  However,  a  single  average  coordinate  set 
probably  does  not  exist  in  that  case. 
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Fig.  2.  Superposition  of  48  antiparallel  helix  pairs  from  26  protein  structures  (PDB  files. 
IPRC,  IBRD,  2MHR.  2CCY.  156B,  2TMV,  2CTS.  2YHX,  2CYP,  3TLN,  1UTG.  3LZM, 
2GLS,  6 API.  2CPP.  2TAA,  1PAZ,  IPHH,  1BP2,  4PFK,  IGOX,  8ADH,  HNS.  1ECD.  1LH1 
and  IMBD)  with  the  reference  helix  pair  19-37,  41-64  of  myohemerythrin.  Only  areas  of 
overlap  of  each  helix  pair  with  the  reference  one  are  shown. 
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Introduction 

The  static  view  of  molecular  structure  reinforced  by  visual  images  of  three- 
dimensional  structures  is  an  impediment  to  understanding  mechanism.  Proteins  are 
dynamic  and  undergo  significant  excursions  from  the  static  structure  given  by 
crystallography,  while  secondary  structural  elements  such  as  the  a-helix  are 
considered  relatively  fixed  and,  perhaps,  serve  as  initiation  sites  for  protein  folding. 
Two  a  to  3I(rhelical  transitions  have  been  reported,  however,  in  crystal  structures  of 
enzymes  [1,  2]  as  a  result  of  substrate  binding.  There  is  also  significant  evidence  of 
helical  transitions  in  peptides  containing  a-methylalanine  (MeA,  aminoisobutyric 
acid,  Aib)  [3].  The  factors  governing  the  relative  stabilities  and  transitions  between 
a  and  3]0-helices  are  rather  subtle  and  not  quantitatively  understood.  Various 
theoretical  methods  have  been  applied  to  this  helical  transition  in  peptides  of  7-12 
residues  containing  a,a-disubstituted  (MeA)  or  normal  amino  acids.  In  all  cases 
studied,  the  results  portray  a  consistent  view  that  while  the  relative  stability  of  the 
two  helices  is  influenced  by  length,  composition  and  environment,  there  is  little  or 
no  barrier  (<2  kcal/mol)  for  the  transition  between  the  a-  and  3io-helix  [4,  5]. 

Results  and  Discussion 

The  helix-helix  transition  was  characterized  by  several  approaches  to  eliminate 
any  methodological  bias.  The  potential  of  mean  force  as  a  function  of  reaction 
coordinate  was  determined  initially  using  the  standard  simulation  procedure  of 
umbrella  sampling  involving  decomposition  of  the  reaction  coordinate  between  the 
a-  and  3io-confcrmations  into  overlapping  segments,  or  windows,  with  simulation 
of  the  molecular  motions  in  each  segment.  The  molecular  configurations  were  biased 
to  remain  in  each  window,  centered  on  a  value  of  the  reaction  coordinate  (helix 
length,  or  *P  torsion  values),  by  the  use  of  a  harmonic  restraining  potential.  Similar 
results  have  been  obtained  with  unconstrained  simulations.  Table  1  summarizes 
results  from  simulations  conducted  in  vacuo  and  in  various  solvents  (Figure  1)  using 
different  force  fields.  There  is  a  consistently  low  barrier;  helical  transitions  can  be 
frequently  observed  if  the  two  helical  forms  have  comparable  free  energies.  A  variety 
of  reaction  coordinates  including  distance  and  torsional  restraints  were  explored  to 
drive  the  helical  transition  based  on  crystal  data  and  molecular  mechanics 
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calculations.  The  values  obtained  are  upper  bounds  on  the  actual  activation  free 
energy  as  other  transition  paths  of  lower  bee  energy  may  exist. 

Table  1  Summary  of  the  potential  of  mean  force  calculations.  A3I0,  Aw  Ays  are 
the  Helmholtz  free  energies  of  the  3j&  a  and  transition  states 
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Fig.  I.  Computed  potentials  of  mean  force  for  the  a  to  3  iq- helical  transition  of  Ac- 
McA  ig-NHMe  in  various  solvents  using  the  Amber/OPLS  force  field.  The  inserted  figure  is 
an  expansion  of  the  3io-helical  region  in  vacuo. 
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The  reaction  pathway  of  Ac-MeAg-NMe  was  also  examined  by  constrained 
geometry-optimization  with  semi-empirical  quantum  mechanics  (AMI).  Three 
reaction  paths  for  the  estimation  of  barrier  height  for  the  interconversion  of  a- 
to  310-helices  were  considered.  The  simulation  of  the  reaction  path  with  a  three-step, 
sequential  use  of  a  distance  constraint  between  Ca-atoms  of  the  MeA  oc tamer  showed 
an  energy  barrier  of  2.0  kcal/mol,  with  the  a-helix  more  stable  than  the  3|o-helix  by 
0.3  kcal/mol.  Single-point  aqueous  solvation  calculations  (AMSOL/SM2)  further 
increased  the  stability  of  a-helix  over  3)o-helix  by  5  kcal/mol,  similar  to  the  effect 
seen  with  explicit  solvent  and  MD  simulations  for  the  MeA  decamer  (Figure  1). 
Alternatively,  reaction  path  calculations  by  simultaneously  driving  all  eight,  or  only 
four,  psi-dihedral  angles  revealed  transition  barriers  of  1.8  and  1.3  kcal/mol, 
respectively. 

The  various  procedures  used  to  ascertain  the  height  of  the  barrier  for  the 
transition  between  the  a-  and  310-helical  conformations  yield  a  consistent  result,  a 
very  low  to  non-existent  intrinsic  barrier  for  the  helical  transition  ("molten  helix"), 
comparable  to  the  torsional  barrier  calculated  and  observed  for  the  rotation  of  butane. 
The  "molten  helix",  in  which  the  relative  orientations  of  sidechains  and  the  length 
between  helical  residues  vary  as  each  helix  explores  its  environment  through  a-  to 
3 10-helical  transitions,  may  well  be  a  dominant  feature  of  the  "molten  globule"  phase 
of  protein  folding  when  sidechain  packing  densities  are  reduced.  These  results 
suggest  that  environmental  changes  as  well  as  specific  sidechain  interactions  can 
modulate  the  relative  stability  of  the  two  helical  forms  in  proteins  and  couple 
chemical  to  mechanical  transformation  (helical  length  of  3l0-helix  is  1/3  longer  than 
a-helix)  at  the  molecular  level. 
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Introduction 

Calculation  of  the  entropy,  S  and  thus  the  Helmholtz  free  energy,  F  by 
computer  simulation  has  been  an  important  theoretical  goal  in  biophysics  for  many 
years  [1].  This  stems  from  the  fact  that  F  constitutes  the  criterion  of  stability,  which 
is  useful,  for  example,  in  determining  the  relative  binding  of  different  ligands  to  an 
enzyme.  However,  calculation  of  both,  the  absolute  and  relative  free  energies  with 
computer  simulation  is  difficult.  The  main  problem  is  that  the  commonly  used 
methods,  the  Metropolis  Monte  Carlo  [2]  and  molecular  dynamics  (MD)  [3,  4]  are 
dynamical  procedures  (i.e.,  one  starts  ftom  a  conformation  that  evolves  in  time)  and 
they  do  not  provide  therefore  the  value  of  the  sampling  probability,  P,  of  a 
conformation,  which  leads  to  the  entropy,  S  (S  ~  InP).  Hence  it  is  important  to 
develop  efficient  techniques  for  estimating  P.  The  local  states  (LS)  method,  has  been 
proposed  by  Meirovitch  [5]  to  handle  Ising  and  lattice  gas  models  and  has  later  been 
extended  to  polymers  and  proteins.  With  this  method  the  value  of  the  sampling 
probability  P  can  be  obtained  approximately  from  the  frequencies  of  occurrence  of  the 
so-called  local  states.  The  LS  method,  like  procedures  that  are  based  on  the  harmonic 
or  the  quasi-harmonic  approximations,  provides  approximately  the  absolute  entropy 
and  therefore  enables  one  to  obtain  differences  in  the  entropy  of  conformational  states 
with  a  significant  structural  variance.  However,  the  method,  in  contrast  to  these 
procedures,  is  not  limited  to  handle  only  stable  states  (e.g.,  an  a-helix)  but  is  also 
applicable  to  states  with  any  chain  flexibility,  such  as  the  random  coil. 

Results  and  Discussion 

For  simplicity,  suppose  that  the  LS  method  is  applied  to  a  linear  peptide 
without  side  chains  (e.g.,  polyglycine).  The  molecule  is  first  simulated  by  MD  (or 
by  any  Monte  Carlo  procedure)  at  a  given  temperature,  T,  where  every,  say  10 
femtoseconds  the  Cartesian  coordinates  of  the  instantaneous  conformation  are  stored. 
Then,  each  of  the  stored  conformations  is  expressed  in  toms  of  internal  coordinates, 
i.e.,  the  K  dihedral  angles  +,  ye,  and  a>  and  the  bond  angles  ft  These  angles  are 
ordered  according  to  their  position  along  the  backbone  and  they  are  denoted  by  a&,  1 
<,k  <,K  (the  bond  lengths  are  assumed  to  be  constant).  In  the  next  stage,  one 
calculates  the  ranges  dtty,  within  which  the  values  of  a£  lie,  da*  =  a^f max)  - 
ajtfmin),  where  a*(max)  and  atfmin)  are  the  maximal  and  minimal  values  of  a& 
found  in  the  sample.  Then,  each  daft  is  divided  into  l  equal  segments  of  sizes  Acq^i 
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=  Aak  / 1,  where  l  is  the  discretization  parameter,  we  denote  these  segments  by  v£ 
( vjt  =  1,  /)»  1  £  k  £  K-  Thus,  each  angle  is  now  defined  by  the  segment  to  which  it 
belongs  and  a  conformation  i  is  expressed  by  the  particular  set  of  segments  (vt(ij, 
....  Vf[(i))-  A  local  state  of  a*  is  the  set  of  values  (v*  ,  v*  _j ,—Vt  -b  )  of  the  6 
segments  preceding  ■  One  can  define  a  transition  probability  for  which 
depends  on  the  local  state  and  which  can  be  calculated  from  the  frequency  of 
occurrence  of  certain  local  states  in  the  sample.  Thus,  the  probability  of  a 
conformation  is  the  product  of  the  transition  probabilities  of  its  K  angles.  The 
lowest  approximation  for  the  entropy  S  is  based  on  b  =  0  (which  means  that 
correlations  between  successive  angles  are  ignored)  and  on  the  assumption  that  the 
distribution  of  angles  within  the  ranges  Aafc  is  homogeneous  i.e.,  the  discretization 
parameter,  /,  is  1.  The  transition  probability  densities  are  p(a fc,  b  =  0,  /  =  1)  =1  / 
Aa/c  and  the  approximate  entropy  is, 

sA(b=o,i=i)  =  -kBX<»25-  (l) 

k=l  k 

where  kg  is  the  Boltzmann  constant  and  the  bar  above  S  means  estimation.  Better 
approximations  for  b  =  0  are  obtained  by  increasing  /;  then,  correlations  between 
angles  can  be  taken  into  account,  where  the  largest  value  of  b  used  thus  far  is  3.  The 
approximate  probabilities  enable  one  to  define  upper  and  lower  bounds  for  the  free 
energy  FB(b,l )  and  FA(b,l),  respectively;  however,  FA  can  be  estimated  from 
significantly  smaller  samples  than  FB,  and  therefore  it  is  more  useful.  In  fact,  recent 
studies  have  shown  that  the  correct  difference  of  the  free  energy  between  two  states 
can  be  approximated  reliably  by  the  differences,  AFA. 

Results  and  Discussion 

In  an  initial  study  [6]  the  LS  method  was  applied  to  a  continuum  model  of 
decaglycine  in  vacuo,  described  by  rigid  geometry  (i.e.,  constant  bond  lengths  and 
angles)  using  the  Cornell  package  ECEPP.  Two  different  Monte  Carlo  simulations 
at  100K  were  carried  out,  at  the  o-helical  and  hairpin  regions.  It  was  found  that  the 
a-helix  is  more  stable  than  the  hairpin,  i.e.,  its  free  energy  is  lower  by  AF= 4.0(7) 
kcal/mole  and  that  the  contribution  of  the  entropy  to  this  difference  is  significant, 
about  1/3  of  that  of  the  energy.  Later  it  has  been  extended  to  peptides  with  side 
chains  simulated  by  MD  (i.e.,  described  by  flexible  geometry  [7]).  Thus,  a  detailed 
model  of  the  cyclic  peptide  cyclo-(Ala-Pro-D-Phe)2,  based  on  a  full  valence  force 
field,  was  simulated  in  vacuo  and  in  the  crystal  and  the  difference  in  the  chain 
entropy,  TAS~T[S(\ acuo)-  ^(crystal)]  in  these  two  environments  was  calculated.  It 
was  found  that  TAS  =9.4(8)  kcal/mol,  in  a  good  agreement  with  calculations  based 
on  the  harmonic  approximation  which  on  the  average  yielded,  TAS  =12.3  kcal/mole. 
Very  recently  the  method  has  been  further  developed  [8]  and  applied  to  a  relatively 
large  molecule  (188  atoms),  the  potent  ”Asp4-Dpr10"  antagonist  [cyck)(4/10)-(Ac-D3- 
Pro1-D-pFPhe2-D-Trp3-Asp4-Tyr5-D-Nal6-Leu7-Arg8-Pro9-Dprl0-NH2)J  of  gonado¬ 
tropin  releasing  hormone  (GnRH).  The  molecule  was  simulated  in  vacuo  at  7=300K 
in  two  conformational  states,  previously  investigated  [9],  which  differ  by  the 
orientation  of  the  N-terminal  tail,  above  (tail  up,  TU)  and  below  (tail  down,  TD)  the 
cyclic  heptapeptide  ring.  It  was  found  that  the  values  of  A FA  for  various 
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approximations  (b,l)  have  been  converged  to,  A FA  =FA(TD)-FA(TU)=  5.6(1) 
kcal/mole,  i.e.,  TD  is  more  stable  than  TU  (The  corresponding  difference  in  entropy, 
TASA=l.3(2)  kcal/mole,  is  equal  to  the  value  obtained  by  the  harmonic 
approximation).  Also,  as  in  the  previous  LS  studies  the  lowest  approximation, 
which  has  the  minimal  number  of  local  states(b=0,/=l)  also  leads  to  the  correct  value 
of  A F.  This  is  important  since  the  lowest  approximation  can  be  applied  even  to 
large  proteins.  The  LS  method  enables  one  to  define  the  entropy  of  a  part  of  the 
molecule  and  thus  to  measure  the  flexibility  of  this  part.  Thus,  the  value  for 
r[5A(TU)-S^(TD)]  of  the  tail  alone  converged  to  2.4(1)  kcal/mole,  which 
demonstrates  the  relatively  high  flexibility  of  the  tail  in  the  TU  state.  In  order  to 
study  the  random  coil  the  Asp4-Dpri0  analogue  and  its  linear  version  were  simulated 
by  MD  at  1000K.  In  this  case  a  lower  bound,  of~25  kcal/mole  for  7T5(linear)- 
S(cyclic)]  was  obtained  which  is  the  reduction  in  the  entropy  caused  by  the  ring 
closure. 

The  LS  method  has  reached  a  state  of  maturity.  It  allows  the  reliable 
calculation  of  differences  in  the  total  free  energy  and  partial  entropies,  the  handling 
of  the  random  coil  and  provision  of  at  least  a  lower  bound  for  the  entropy  change 
upon  ring  formation.  Therefore  it  can  be  used  for  a  wide  range  of  applications.  For 
example:  One  can  define  entropies  and  free  energies  for  clusters  of  peptide 
conformations  with  different  structures  providing  thereby  a  thermodynamic 
classification  of  these  clusters  in  addition  to  the  commonly  used  structural 
classifications.  Such  theoretically  based  classification  along  with  other 
methodologies  may  facilitate  the  identification  of  the  biologically  relevant  structures 
in  drug  design  studies.  However,  the  greatest  challenge  would  be  to  extend  the  scope 
of  the  method  to  systems  that  consist  of  a  peptide  in  solvent.  In  principle  this  can 
be  accomplished  since  the  LS  method  is  also  applicable  to  diffusive  systems  such  as 
water. 
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Introduction 

The  use  of  solvents  in  molecular  dynamics  (MD)  simulations  of  peptides  has 
been  rather  limited.  One  reason  for  this  is  that  up  till  recently  only  water  was 
available  for  such  calculations,  while  most  of  the  conformational  studies  were  carried 
out  in  DMSO  or  CHC13.  Here  some  advantages  of  using  organic  solvents  in  the 
simulations  of  peptides  are  highlighted. 

Results  and  Discussion 

Recently,  we  illustrated  the  use  of  DMSO  in  the  simulations  of  a  cyclic 
hexapeptide  [1].  The  parameters  for  CHC13  have  been  published  by  Jorgensen  and 
coworkers  [2].  Both  of  these  solvents  have  advantages  over  water  in  the  MD 
simulations  of  peptides. 

DMSO  can  only  act  as  an  acceptor  of  hydrogen  bonds,  therefore  only  a  single 
solvent  shell  around  the  peptide  is  observed.  In  contrast,  water  has  been  reported  to 
form  up  to  four  solvent  shells  and  therefore  a  much  greater  cut-off  distance  must  be 
used.  With  DMSO  as  the  solvent,  a  random  orientation,  similar  to  that  of  the  pure 
solvent,  is  obtained  at  a  distance  of  7  A  away  from  the  peptide.  In  contrast,  cut-off 
distances  of  up  to  16  A  may  not  be  sufficient  for  water  simulations  [3],  Since  the 
cut-off  is  smaller,  a  much  smaller  periodic  system  can  be  used  in  the  DMSO 
simulations.  In  addition,  for  the  same  volume,  DMSO  requires  only  one  quarter  of 
the  molecules  (i.e.,  the  densities  are  approximately  the  same  while  the  molecular 
weight  of  DMSO  is  four  times  larger).  With  the  united  atom  approach  DMSO  is 
treated  as  four  atoms,  single-point-charge  water  is  treated  as  three  points. 

Very  similar  conclusions  can  be  drawn  from  the  simulations  we  have  carried  out 
with  CHC13  [4,  3],  There  is  the  presence  of  only  one  solvent  shell;  the  CHC13 
interacts  specifically  with  the  carbonyl  oxygens  that  are  solvent  exposed  [3].  This  is 
in  contrast  to  DMSO,  which  forms  intermolecular  hydrogen  bonds  explicitly  with 
the  amide  protons  exposed  to  the  solvent  [1].  Again,  the  size  of  the  periodic  system 
and  therefore  the  number  of  solvent  molecules  required  for  the  simulation  is  greatly 
reduced. 

In  addition  to  the  great  reduction  of  computer  time,  there  are  other  questions 
that  can  be  addressed  when  the  same  solvent  as  used  in  the  NMR  examination  is  used 
in  the  MD  simulations.  One  point  of  interest  is  internal  dynamics,  and  the  effect  that 
such  dynamics  will  have  on  distances  calculated  using  the  standard  two-spin 
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approximation,  shown  below,  where  ry  and  <jy  are  the  calculated  distance  and  NOE 
intensity  of  atoms  i  and  j,  respectively,  and  is  the  intensity  of  a  pair  of  protons 
of  known  distance,  r^.  This  approximation  requires  that  each  of  the  proton-proton 
vectors  have  identical  correlation  times  (i.e.,  undergoing  identical  motions).  If  the 
MD  simulation  is  assumed  to  be  a  good  model  for  the  dynamics  that  are  taking  place 
in  solution,  a  good  approximation  if  a  good  starting  structure  is  used,  then  the 
validity  of  the  two-spin  approximation  can  be  examined. 


r  r  °std  J/6 
rstcf  Ojj  > 


The  method,  first  illustrated  by  Kaiplus  and  coworkers  [6,  7],  involves  carrying 
out  a  long,  free  (no  experimental  restraints)  MD  simulation.  From  this  simulation 
the  correlation  times  for  each  proton-proton  vector  involved  in  an  NOE  is  then 
calculated  from  the  simulation  using. 


VR^(t)R3(0)^ 


where  A(t)  is  the  second  order  spherical  harmonics  expressing  the  orientation  of  the 
proton-proton  vector,  ij,  relative  to  the  external,  static  magnetic  field  taken  as  the  z 
axis.  The  correlation  will  plateau  after  a  few  picoseconds  (ps)  from  the  internal 
motions.  This  plateau  value  is  equal  to  the  order  parameter,  S2,  of  Lipari  and  Szabo 
[8J.  The  spectra!  densities,  J(W),  can  then  be  scaled  according  to  the  differing 
motions  [6],  as  shown  below. 
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We  use  a  protocol  of  100-200  ps  of  restrained  (NOEs,  coupling  constants)  MD 
to  create  a  starting  structure.  The  MD  is  then  continued  without  the  restraints  for  up 
to  2  ns  (the  first  200  ps  are  to  allow  the  molecule  to  equilibrate  to  the  lack  of 
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restraints  and  are  not  used  in  the  calculation).  Calculations  with  cyclosporin  A 
indicate  that  ignoring  the  effects  of  internal  dynamics  can  introduce  an  error  of  up  to 
15%.  Similar  results  have  been  obtained  for  antanamide  [7]. 
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Introduction 

We  have  previously  described  the  conforaiationally  restricted  tetrapeptide,  Tyr- 
c(/>Cys-Phe-Z>-Pen)OH  (JOM-13),  a  high  affinity,  8  opioid  receptor  selective  ligand 
[1],  The  1 1  membered  cyclic  portion  of  this  peptide  can  be  expected  to  possess  only 
limited  conformational  flexibility,  however  the  same  restriction  does  not  apply  to  the 
exocyclic  Tyr  residue,  nor  to  the  Phe3  side  chain  which  contain  the  key  elements  of 
the  opioid  pharmacophore.  Consequently,  further  conformational  restriction  applied 
to  these  conforaiationally  labile  parts  of  the  molecule  is  necessary  to  identify  the 
binding  geometry  at  the  8  receptor.  We  report  here  the  results  of  conformational 
search  and  molecular  mechanics  calculations  applied  to  JOM-13  and  to  analogs  in 
which  the  Tyr1  residue  is  replaced  by  the  more  conforaiationally  well  defined 
substitutes:  a-MeTyr;  2',6'-dimethyl  Tyr  (DMT);  l,2,3,4,-tetrahydro-7- 
hydroxyisoquinoline-3-carboxylic  acid  (Tic-OH);  6-hydroxy-2-aminoindan-2- 
carboxylic  acid  (Hai),  6-hydroxy-2-aminotetralin-2-carboxylic  acid  (Hat),  and  cis-  and 
trans-3K4'-hydroxy)^>henylproline  (c-Hpp  and  f-Hpp,  respectively). 

Results  and  Discussion 

Low-energy  conformations  calculated  for  JOM-13  and  the  related  Tyr1 
replacement  analogs  confirm  that  the  cyclic  part  of  the  tetrapeptides  has  a  rigid 
mainchain  structure,  but  that  the  exocyclic  N-terminal  residue  and  the  Phe3  side  chain 
are  flexible.  Two  isoenergetic  conformations  of  the  Cys-Pen  disulfide  bridge  are 
observed,  in  agreement  with  (H  NMR  (2]  and  X-ray  crystallography  [3]  data.  All  the 
Tyr1  modifications  have  no  influence  on  backbone  and  SS  bridge  conformers  within 
the  rigid  cycle.  At  the  same  time,  the  orientation  of  the  Tyr1  aromatic  ring  relative 
to  the  rest  of  the  molecule  differs  from  that  of  JOM-13  for  the  residue  1  replacements 
incorporating  additional  ring  structures  (c-Hpp,  t-Hpp,  Hat,  Hai  and  HO-Tic),  but 
remains  like  the  parent  peptide  for  methylated  analogs  (DMT  and  a-MeTyr). 
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Fig.  1.  Superposition  of  proposed  S  receptor  bound  conformations  for  JOM-13  analogs 
with  high  (c-L-Hpp  and  t-L-Hpp,  solid  line)  and  moderate  (L-Hai,  dashed  line)  binding 
affinities  with  oxymorphindole  spatial  structure  (bold  dashed  line).  All  functionally 
important  points  (NA,  CA  and  OH  groups  and  Tyr1  and  Phe 3  aromatic  rings)  are  labeled. 

All  peptides  can  be  classified  into  three  groups  according  to  their  binding 
affinities  for  the  5  opioid  receptor:  high  affinity  (residue  1  =  Tyr,  c-Hpp,  t-Hpp  and 
DMT,  all  with  Kj  -  1  nM),  moderate  affinity  (Hai,  L-  and  D-Hat,  all  with  Kj  ~  10-20 
nM)  and  inactive  analogs  (a-MeTyr  and  HO-Tic,  Kj  >  1000  nM).  The  search  for  5- 
bound  conformations  with  the  same  spatial  arrangement  of  all  functionally  important 
groups  (N-terminal  aNH3+  group  and  the  Tyr1  and  Phe3  aromatic  rings)  leads  to  the 
following  conclusions.  The  5-bound  conformations  of  high  and  moderate  affinity 
peptides  are  different  outside  the  rigid  tripepdde  cycle.  The  first  family  of  peptides 
has  trans  conformations  of  both  Tyr'  and  Phe3  sidechains  (x'~180o,  x2~90°),  the 
second  has  “morphine-like”  (x1  -  -90°,  X2  ~  0°)  and  g+  (X1  -  -60°,  x2  -  90°) 
conformations  of  Tyr1  and  Phe3  sidechains,  respectively.  The  torsion  angles  y  of 
Tyr1  and  9  of  D-Cys2  are  different  also  (y,  9  *  -  -50°,  -90°  and  -180°,  -165° 
respectively).  All  peptides  of  high  and  moderate  affinity  have  the  same  orientation  of 
the  Tyr1  aromatic  ring  plane  after  superposition  of  their  functionally  important 
groups  in  the  proposed  bound  conformations.  However,  the  aromatic  rings  of 
different  peptides  are  shifted  in  this  plane,  especially  near  their  C8  atoms  where  two 
additional  methyl  groups  (i.e.,  DMT)  can  be  introduced  without  changing  binding 
affinity.  The  methyl  and  methylene  substituents  on  the  Ca  atom  have  completely 
different  spatial  positions  in  the  inactive  a-MeTyr1  and  moderate  affinity  (L-Hai1,  L- 
Hat1  and  D-Hat1)  analogs.  Presumably,  the  inactivity  of  the  a-MeTyr1  analog  is  due 
to  steric  hindrance  involving  this  a-Me  at  the  5  binding  site.  Both  D-Hat  and  L-Hat 
can  adopt  low  energy  conformers  with  good  overlap  of  the  pharmacophore  elements, 
however,  the  L-Hai '-^D-Hai1  replacement  results  in  a  shift  of  the  £OH  group 
position  which  is  the  probable  reason  for  the  observed  loss  of  binding  affinity.  The 
inactivity  of  the  HO-Tic1  analog  may  be  explained  simply  by  the  different  structure 
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observed  for  its  tyramine  component  in  which  the  aNH3+  and  £OH  groups  are 
located  too  close  together. 

The  functionally  important  parts  of  JOM-13  analogs  (the  Tyr1  residue  and  Phe3 
aromatic  ring)  in  the  proposed  S  receptor-bound  conformations  may  be  superimposed 
perfectly  with  correspondent  parts  (the  tyramine  moiety  and  indole  ring,  respectively) 
of  the  5-selective  opioid  agonist,  oxymorphindole,  which  has  binding  affinity  similar 
to  the  high  affinity  peptides  described  here  (Fig.  1).  All  additional  methyl  groups  and 
aliphatic  rings  in  JOM-13  analogs  are  overlapped  with  aliphatic  morphine  rings  and 
may  participate  in  some  additional  stabilizing  interactions  with  5-receptors.  These 
results  indicate  that  the  binding  modes  of  5-selective  opioid  peptides  and  alkaloids 
may  be  similar. 

The  present  model  of  the  5  receptor-bound  conformation  for  the  parent  peptide, 
JOM-13,  differs  from  a  previously  proposed  one  [4]  by  incorporating  a  definite  Tyr1 
side  chain  conformation  (undefined  in  the  previous  study),  in  the  orientation  of  the 
entire  Tyr1  residue  (the  y  torsion  angle  of  Tyr1  is  different)  and  in  the  conformation 
of  the  disulfide  bridge.  However,  both  models  have  the  same  backbone  structure 
within  the  rigid  £>-Cys-Phe-Z)-Pen  cycle  and  the  same  orientation  of  the  Hie3  side 
chain  (x'~180°). 
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Introduction 

The  backbone  conformer  with  a  P-ID-like  turn  at  the  TyH-Val5  residues  was 
earlier  proposed  as  a  model  for  the  angiotensin  II  (Asp'-Arg^VaP-Tyr'Wal/Ile^His6- 
Pro7-Phe8,  AT)  receptor-bound  conformation  by  Marshall  et  al.  (see  [1]  for  final 
model),  and,  independently,  by  Nikiforovich  etaL,  [2,  3].  Recently,  several  types  of 
cyclic  AT  analogs  with  conformational  restrictions  have  been  found  to  possess  high 
affinity  towards  AT  specific  receptors.  However,  the  conformations  available  for 
these  analogs  seem  to  be  not  consistent  with  a  unique  model  for  the  backbone  of  the 
AT  receptor-bound  conformation(s)  (see  [4]  for  detailed  discussion).  In  this  study,  an 
alternate  approach  involving  the  search  for  a  common  spatial  arrangement  of 
functionally  important  (pharmacophoric)  groups  in  low-energy  conformers  of  AT  and 
its  active  analogs  has  been  used  for  modeling  the  AT  bioactive  conformation.  It  is 
commonly  accepted  that  four  groups  are  indispensable  for  optimal  triggering  of  the 
biological  response  of  AT,  which  are  the  aromatic  moieties  of  Tyr4,  Ilis6  and  Phe8 
residues,  as  well  as  the  C-terminal  carboxyl. 

Results  and  Discussion 

Energy  calculations  employing  the  ECEPP  force  field  were  performed  for  AT, 
[(aMe)Phe4]-,  [Pro5]-,  cyc/o[HCys3'5j-  and  cyc/ofSar1,  HCys/Cys3,  MptfeA? 
analogs.  Calculation  technique  involves  the  build-up  procedure  for  all  peptioes  In 
question,  which  yields  the  sets  of  low-energy  backbone  conformers  possessing 
relative  energies  less  than  10  kcal/mol.  Geometrical  comparison  between  each  AT 
low-energy  conformer  vs.  every  low-energy  conformer  of  its  analogs  was  performed 
to  reveal  the  mutual  spatial  orientation  of  the  atomic  centers  chosen  to  represent  a 
fragment  bearing  the  pharmacophoric  groups  of  AT  molecule,  namely,  the  CP-atom 
for  Tyr4  residue,  the  C°-  and  CP-  atoms  for  Val3  -  Phe8  residues  and  the  carbon  atom 
of  C-terminal  carboxyl.  One  type  of  possible  backbone  conformer  for  AT  4-8 
fragment  was  found  to  meet  the  requirement  of  rms  S  1.0  A  when  compared  to  each 
analog,  therefore  being  a  suitable  candidate  for  the  receptor-bound  conformation  of 
AT.  This  conformer  is  presented  in  Table  1  together  with  corresponding  conformers 
of  the  analogs. 
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Table  1  Possible  models  for  receptor-bound  conformers  of  AT  and  its  analogs 
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The  difference  between  conformers  in  Table  1  in  dihedral  angle  values 
(especially  in  t|/4  value),  does  not  affect  significantly  the  spatial  location  of 
pharmacophoric  groups.  Figure  1  depicts  an  alignment  between  conformers  of  AT 
vs.  [Pro5]-  and  cyc/o[Cys3,  Mpt5]-AT,  which  differ  in  dihedral  angle  values  from  the 
respective  AT  conformer.  It  is  evident  that  the  Tyr4  rings  can  occupy  nearly  the  same 
spatial  location  for  all  three  molecules,  with  very  similar  spatial  positions  of  the 
His6  and  Phe8  side  chains,  as  well  as  the  C-terminal  carboxyls.  At  the  same  time, 
the  N-terminal  parts  of  both  molecules  (exemplified  in  Figure  1  by  the  Val/Cys3 
residues)  are  directed  quite  differently. 


Fig.  I.  Stereoview  of  AT  conformer  (in  bold)  overlapped  on  compatible  [Pro5]-  and 
cyclo[Cys3 ,  MpPj-AT  conformers  from  Table  I.  Only  3-8  fragments  are  shown.  All 
hydrogen  atoms  are  omitted. 
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Table  1  also  contains  the  estimated  values  of  dihedral  angles  for  cyclic  moieties 
of  cyc/o[Sar',  Cys/HCys3,  Mpts]-AT  analogs,  which  were  derived  from  the 
J(HNCaH)  coupling  constants  values  and  the  NOE's  measured  by  NMR  spectroscopy 
in  DMSO  solution.  Remarkably,  they  are  in  an  excellent  agreement  with  the  models 
of  receptor-bound  conformers  proposed  for  these  analogs  by  calculations. 

TTius,  the  problem  of  the  biologically  active  conformation(s)  of  AT  and  its 
analogs  should  not  be  viewed  in  terms  of  common  backbone  structures,  i.e.,  different 
kinds  of  turns,  peptide  chain  reversals,  etc.  We  can  rather  propose  that  any  backbone 
three-dimensional  structure  that  ensures  a  common  spatial  arrangement  for  the  four 
important  functional  groups,  such  as  that  shown  in  Figure  1,  is  a  suitable  candidate 
for  the  receptor-bound  conformation  of  AT  agonists.  In  this  sense,  the  original 
model  predicting  the  fJ-III-like  turn  at  the  Tyr^-Val5  region  of  AT  [1-3]  is  quite 
appropriate,  but  should  not  be  regarded  as  unique. 

Finally,  it  was  suggested  based  on  Figure  1,  that  the  AT  conformer  in  Table  1 
could  be  matched  even  more  closely  by  an  analog,  which  still  contains  the  Pro3 
residue,  but  with  D-Tyr4  instead  of  Tyr4.  The  backbone  conformation  of  such  an 
analog  might  be  close  to  that  of  [Pro^-AT  in  Table  1 ,  and  the  D-Tyr4  aromatic  ring 
would  be  more  close  to  the  Tyr4  aromatic  ring  in  AT  due  to  inversion  of  a 
configuration.  This  hypothesis  was  completely  confirmed  by  energy  calculations  for 
[D-Tyr4,Pro3]-AT  (see  last  line  in  Table  1).  The  analog  was  synthesized  and  tested 
for  binding  to  rabbit  aorta  preparations,  showing  the  ICso  value  of  42.8  nM.  It  is 
noteworthy  that  [D-Tyr^-AT  showed  a  much  lower  affinity  (pDj  value  of  5.77), 
when  binding  to  tissue  from  rat  ascending  colon  [5].  Thus,  we  were  able  to  design  a 
new  and  rather  unusual  AT  analog  on  the  basis  of  the  three-dimensional  model  for 
AT  recognition  proposed  in  this  study. 
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Introduction 

Proton  chemical  shifts  are  sensitive  indicators  of  structural  changes  in  proteins 
and  peptides;  the  qualitative  dependence  of  Ha  and  HN  chemical  shifts  on  regular 
secondary  structures  has  been  known  for  some  time  [1].  Nevertheless,  quantitative 
predictions  based  on  quantum  chemistry  and  empirical  analyses  [2-4]  are  still  limited. 
For  globular  proteins,  decomposition  of  the  total  shielding  into  local  and  long-range 
effects  makes  possible  the  analysis  of  contributions  of  distant  polar  and  aromatic 
groups.  For  example,  our  previous  model  [4]  derived  from  the  analysis  of  17 
proteins  uses  an  empirical  equation  for  conformation-dependent  (structural)  shifts  that 
are  related  to  differences  between  the  resonance  positions  in  a  folded  protein  and  in  a 
"random-coil"  polypeptide; 

8proum  -  S»mdom  coil  =  ^5rc  +  +  ^Kl  ~  ScoM  0) 

Here,  rc,  m,  and  el  refer  to  ring-current,  magnetic  anisotropy,  and  electrostatic 
interactions,  respectively.  Our  parameter  fitting  resulted  in  two  values  for  the 
constant  in  Eq.  1;  0.041  ppm  for  side-chain  protons  and  0.7S  ppm  for  Ha-protons. 
The  simplest  interpretation  for  Scoiat  is  that  it  represents  in  an  averaged  way  the 
contributions  of  peptide  groups  in  the  random-coil  state,  usually  taken  to  be  GGXA, 
for  which  experimental  shifts  have  been  tabulated  [5].  Here,  we  use  calculations  on 
dipeptide  models  to  show  that  this  is  a  reasonable  interpretation. 

Results  and  Discussion 

Our  earlier  study  [4]  did  not  consider  glycine  residues.  When  we  apply  Eq.  1  for 
121  glycine  Ha  protons  —  the  average  shift  for  Ha2  and  Ha3  is  taken  —  we  find  a 
correlation  coefficient  of  0.93  between  calculated  and  observed  structural  drifts  with 
an  rmsd  (root-mean-square  deviation)  of  0.29  ppm  and  a  mean  error  of  0.24  ppm. 
Mean  errors  for  other  residue  types  are  given  in  Fig.  1,  and  show  that  two  residues 
(Pro  and  Gly)  have  significant  residual  shifts.  This  suggests  that  special  values  of 
Konst  b®  us®**  for  these  residues,  which  is  plausible  because  they  have  unusual 
Ramachandran  plots.  Indeed,  when  a  constant  of  0.31  ppm  is  used  for  glycine,  the 
mean  error  vanishes,  and  the  rmsd  between  calculated  and  observed  shifts  drops  from 
0.29  ppm  to  0.16  ppm.  When  SCOHSt  =  0.31  ppm  is  used  for  proline  (instead  of 
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Fig.  1.  Deviations  between  structural  shifts  calculated  by  Eq.  I  (for  Ha  protons  in  17 
proteins)  and  experimental  SproteiH  -  Smda^  coil  values.  Averages,  standard  deviations, 
and  numbers  of  data  points  are  shown  foreach  residue  type.  Data  from  Ref.  [4). 


<e>  W 


Fig.  2.  (a)  Structural  shifts  calculated  for  a  dipeptide  as  a  function  of  the  f  and  yf  backbone 
angles,  (b)-(d)  g-  yr  energy  maps  calculated  by  CHARMM  22  potential  and  corrected  by 
the  MEAD  solvent  contributions  for  (b)  Ala  dipeptide,  (c)  Gly  dipeptide,  and  (d)  Pro 
dipeptide. 
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0.75)  the  rmsd  between  calculated  and  observed  shifts  decreases  from  0.37  ppm  to 
0.24  ppm. 

To  study  the  physical  origin  of  SctmsP  we  investigated  the  conformational  effect 
of  two  neighboring  peptide  groups  to  the  Ha  proton  in  acetyl-alanine-N-methylamide 
and  its  glycine  and  proline  analogues  (the  "dipeptide").  The  conformational 
dependence  of  the  calculated  Ha  structural  shift  is  presented  in  Figure  2a.  As  noted 
earlier  [4],  the  primary  dependence  is  on  the  d  dihedral  angle. 

The  average  chemical  shift  that  we  estimate  for  the  random-coil  conformation 
(Table  1)  was  calculated  by  using  a  Boltzmann-averaged  weighting  of  the  <p-  ip 
distribution.  The  CHARMM  22  potential  was  used  to  calculate  the  adiabatic 
conformational  energy  in  vacuum  (energy  minimized  with  dihedral  constraints),  and 
the  MEAD  continuum  dielectric  model  was  applied  to  calculate  solvation  corrections 
(Figures  2b-d)  [6,7], 

Table  1  Neighboring  peptide  contributions  in  the  random-coil  state  calculated  for 
the  Ala,  Gty,  and  Pro  dipeptide  models  and  values  for  SC(mst  as  empirically 
fitted  for  17  proteins 


■ 

CHARMM  22 

vacuum 

CHARMM  22 
MEAD  solvent 

empirically 

fitted 

Ala 

0.75 

0.83 

0.75 

Gly 

0.54 

Pro 

0.71 

Our  dipeptide  calculations  support  the  notion  that  the  empirical  constant  used  in 
our  analysis  of  chemical  shifts  mainly  arises  from  neighboring  peptide  contributions. 
Thus,  differences  in  distributions  of  if  -  Vf  dihedral  angles  in  the  "random-coil"  state 
can  explain  differences  in  the  empirical  constant  term.  It  is  suggested  that  special 
values  be  used  for  glycine  and  proline  residues,  which  differ  significantly  from  other 
residues  in  their  allowed  $  granges. 
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Introduction 

Flexible  peptides  with  multiple  conformations  in  solution  give  rise  to  one  set 
of  averaged  NOEs  if  these  multiple  conformations  are  in  fast  exchange  [1],  The 
elucidation  of  the  multiple  conformations  for  flexible  peptides  based  on  averaged 
NOE  data  is  hindered  using  current  NOE-derived  structure  generation  methods,  since 
one  can  only  construct  an  'average'  structure  [2].  There  are  several  approaches 
proposed  recently  to  try  to  solve  this  problem  [1,  2].  We  have  developed  a  new 
method  which  combines  a  'molecular  construction'  method  such  as  simulated 
annealing  with  a  'best  fit'  method  to  simulate  the  multiple  conformations  for  flexible 
peptides  based  averaged  NOE  data.  The  method  actually  is  a  back  calculation 
procedure  for  analysis  of  single  conformations  which  was  extended  to  handle  multiple 
conformation  systems  [3,  4].  Its  main  hypothesis  is  that  it  searches  for  the  widest 
range  of  structures  whose  calculated  averaged  NOEs  best  fit  the  experimental  NOE 
data.  The  method  is  demonstrated  on  a  flexible  peptide  desmopressin  which  contains 
a  six-residue  disulfide-bonded  loop  and  a  three-residue  tail.  It  is  known  from  our 
previous  work  that  it  exhibits  multiple  conformations  in  20%  TFE  solution  [3,  3]. 
The  results  indicate  that  the  procedure  successfully  generates  multiple  conformations 
for  desmopressin  in  20%  l'FE  solution  which  best  tit  the  experimental  NONE  data. 

Results  and  Discussion 

Two-dimensional  ‘H-NMR  spectra  were  measured  for  desmopressin  in  aqueous 
solution  containing  20%  TFE  at  5°C,  pH  5.0.  In  total  157  NOE  distance  restraints 
were  generated  from  a  NOESY  spectrum  with  300  ms  mixing  time  since  the  NOESY 
spectra  showed  a  linear  buildup  of  the  NOEs  up  to  a  mixing  time  of  almost  300  ms. 
The  restraints  were  grouped  into  strong,  medium  and  weak  which  corresponds  to 
distances  of  1.8  -  2.7, 1.8  -  3.3  and  2.3  -  5.0  A  and  used  in  the  calculation.  The  new 
computational  procedure  is  called  PEPFLEX-II  which  is  an  extension  of  PEPFLEX 
[4].  It  is  an  iterative  calculation  that  combines  both  the  "structural  generation" 
methods  (simulated  annealing)  and  "best  tit"  comparisons  into  a  single  procedure. 
The  procedure  generates  structures  based  on  the  NOE  constraints  in  each  iteration, 
calculates  the  RMS  deviations  between  the  experimental  NOEs  and  calculated  NOEs 
based  upon  a  proper  average  for  the  family  of  structures,  and  superimposes  the 
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str  jctures  generated  in  each  iteration  to  their  averaged  structure,  and  calculates  the 
structural  deviations  for  each  structure.  It  tries  to  optimize  the  fit  to  the  experimental 
data  and  maximize  the  structural  RMS  deviations  amongst  the  family  of  structures  at 
the  same  time  by  modification  of  the  distance  restraints.  Table  1  shows  part  of  the 
results  of  the  calculation. 


Table  1  Structural  statistics  for  desmopressin:  Total  energy  (kcal/mol  A2),  number 
of  NOE  violations  (>0.2A)  and  the  number  of  modified  NOEs  in  each 
iteration 


Iteration 

1 

2 

3 

4 

5 

6 

Total  energy 

98±13 

69±7 

58±7 

43±7 

44±9 

37±7 

NOE^, 

66 

38 

28 

20 

18 

16 

NOEvioi/struct. 

30±3 

9±3 

4±2 

1±2 

2±2 

1±1 

NOS  modified 

49 

20 

20 

18 

16 

0 

Based  on  the  criteria  for  'goodness'  of  the  NOE-derived  structures,  the  results 
shown  in  Table  1  indicate  that  after  each  iteration  better  structures  are  generated. 
Finally  the  approach  generates  the  structures  which  have  minimum  of  total  energy  as 
well  as  minimum  of  NOE  violations.  This  can  be  seen  clearly  when  the  procedure 
calculates  the  RMS  deviations  between  experimental  NOEs  and  calculated  NOEs 
based  on  the  structures  generated  by  the  procedure. 

Table  2  RMS  deviations  between  experimental  and  calculated  NOEs 


Iteration 

l 

2 

3 

4 

5 

6 

RMSDNo^all) 

0.24 

0.22 

0.21 

0.18 

ESI 

RMSEWloop) 

0.24 

0.23 

0.21 

0.19 

EH 

0.18 

RMSDnoEltail) 

0.22 

0.21 

0.22 

0.15 

ca 

0.17 

Table  2  indicates  that  the  structures  generated  from  the  last  iteration  fit  the 
experimental  NOE  data  much  better  than  those  from  the  first  iteration.  However, 
since  we  are  dealing  with  a  multiple  conformation  problem,  we  expect  that  a  good 
procedure  should  allow  us  to  cover  more  conformational  space  when  the  calculated 
NOEs  fit  the  experimental  NOEs  better,  and  finally  will  cover  a  maximum 
conformational  space  when  the  RMS  deviation  drops  to  a  minimum. 

Table  3  shows  that  the  procedure  enables  us  to  search  a  wider  range  of 
conformational  space  while  the  calculated  NOEs  based  on  tire  generated  structures 
better  fit  the  experimental  NOE  data.  The  procedure  includes  a  cluster  analysis  after 
each  iteration  to  determine  how  many  families  of  structure  can  be  obtained. 

The  data  shown  in  Table  4  and  Table  5  demonstrate  that  the  structures  generated 
from  the  final  iteration  can  be  divided  into  six  families.  The  structures  between 
families  are  significantly  different  (Table  5),  but  the  structures  within  a  given  family 
are  well-defined  (Table  4). 
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Table  3  Structural  RMS  deviations  (A)  for  all  backbone  atoms* 


Iteration 

1 

2 

3 

4 

5 

6 

RMSDmndU)  0.56±0.41 
RMSDja^Ooop)  0.3410.23 
RMSDmcftail)  0.3410.13 

0.9110.57 

0.3910.38 

0.5510.28 

1.2510.43 

0.5410.38 

0.9810.14 

1.0710.45 

0.6910.37 

0.5210.17 

1.2810.54 

0.9510.25 

0.4610.16 

1.4610.78 

0.9310.41 

0.7710.10 

■Structural  RMS  deviations  were  determined  by  atomic  RMS  differences  relative  to  the 
mean  structure  calculated  from  all  structures  in  the  iteration. 


Table  4  Families  of  structures  and  the  backbone  atom  structural  RMS  deviations 
(A)  of  each  family  in  the  final  iteration 


Families  1 

2 

3 

4 

5 

6 

population  (%)■  57 

13 

13 

7 

7 

3 

RMSDltnict  0.5010.18 

o 

i 

r- 

© 

0.8510.29 

© 

Iff 

$ 

8 

0.4910.00  — b 

■The  population  here  is  the  number  of  structures  in  the  family  over  the  number  of  total 
structures  generated  in  the  iteration. 
bThe  family  only  contains  one  structure. 


Table  5  The  RMS  deviations  (A)  between  the  two  families  in  the  final  iteration. 

The  upper  triangle  is  only  for  backbone  atoms,  the  lower  triangle  is  for  all 
atoms  of  the  peptide 


1 

1.90 

3.57 

1.84 

2.70 

3.89 

3.67 

2 

3.55 

2.19 

2.51 

4.21 

6.00 

6.70 

3 

2.97 

2.62 

3.06 

2.91 

3.72 

4.83 

4 

1.91 

4.44 

4.61 

4.46 

4.03 

2.91 

5 

3.88 

5.61 

5.46 

3.99 

5.19 

5.04 

6 

A  new  procedure  was  developed  which  was  applied  to  desmopressin.  It  was 
found  that  based  on  the  averaged  experimental  NOE  data,  the  procedure  could  search 
the  maximum  conformational  space  and  result  in  the  elucidation  of  the  multiple 
conformations  winch  best  lit  the  experimental  NOE  data. 


916 


J.  Wang  et  al. 


Computational  Biochemistry 


Acknowledgements 

We  are  grateful  for  the  financial  support  of  the  Protein  Engineering  Network  of 
Centres  of  Excellence.  We  thank  Dr.  Frank  D.  Sonnichsen  for  helpful  discussion. 

References 

1 .  Torda,  A.E.,  Scheek,  R.M.  and  Van  Gunsteren,  W.F.,  1.  Mol.  Biol.,  214  (1990)  223. 

2.  Landis,  C.  and  Allured,  V.S.,  J.  Am.  Chem.  Soc.,  113  (1991)  9493. 

3.  Wang,  J.,  SOnnichsen,  F.D.,  Boyko,  R.,  Hodges,  R.S.  and  Sykes,  B.D.,  Techniques 
in  protein  chemistry,  IV,  Academic  Press  Inc.,  San  Diego,  CA,  U.S.A.,  1993,  p.569. 

4.  SOnnichsen,  D.S.,  Boyko,  R,  Wang,  J.  and  Sykes,  B.D.,  PENCE,  University  of 
Alberta,  Program  PEPFLEX. 

5.  Wang,  J.,  Hodges,  R.S.  and  Sykes,  B.D.,  PENCE,  Department  of  Biochemistry, 
University  of  Alberta,  Edmonton,  Canada,  T6G  2S2,  unpublished  data. 


917 


i 


Session  XII 

Peptide  Macromolecular  Interactions 


Chairs:  Ann  E.  Shinnar 

University  of  Pennsylvania 
Philadelphia,  Pennsylvania,  U.S.A. 

and 

Derek  Hudson 

Airis  Pharmaceutical  Corporation 
South  San  Francisco,  California,  U.S.A. 


l ■ 


NMR  studies  of  the  structure  of  peptide  complexes 
that  duplicate  functional  interactions  between 

proteins 


G.S.  Shaw  and  B.D.  Sykes 

Department  of  Biochemistry  and  MRC  Group  in  Protein  Structure  and 
Function,  University  of  Alberta,  Edmonton,  Alberta,  T6G  2H7,  Canada 


Introduction 

For  several  years  synthetic  peptides  have  been  used  successfully  to  study  the 
calcium-binding  properties  of  proteins  such  as  troponin-C  (TnC),  calmodulin  and 
calbindin  D9k.  This  approach  is  well-suited  for  these  proteins,  since  each  contains 
either  two  or  four  calcium-binding  sites  where  each  site  is  a  contiguous  stretch  of 
about  30  amino  acids  [1].  In  addition,  high  field  'H  NMR  spectroscopy  has  proven 
ideal  for  monitoring  the  conformational  changes  which  occur  in  the  peptides  upon 
metal-ion  binding.  Recently,  we  have  shown  that  calcium-binding  to  a  34-residue 
peptide  corresponding  to  site  III  of  the  C-terminal  domain  of  troponin-C  (SCII1)  not 
only  binds  calcium  but  also  undergoes  a  dimerization  to  form  a  two-site  peptide 
homodimer  similar  in  structure  to  that  observed  in  the  x-ray  structure  of  the  C- 
terminal  domain  of  TnC  [2].  This  important  discovery  of  the  dimerization  of 
synthetic  calcium-binding  peptides  is  likely  a  general  observation  in  calcium-binding 
proteins  as  two-site  homodimers  and  heterodimers  have  been  noted  for  peptides 
derived  from  TnC  [3]  and  calbindin  [4].  In  this  work  we  describe  a  comparison 
of  the  three-dimensional  structure  of  the  SCIII  homodimer  derived  from  NMR  data  [S] 
with  that  of  he  C-terminal  domain  of  TnC  as  observed  from  x-ray  crystallographic 
studies  [6]. 

Results  and  Discussion 

The  solutions  for  the  three-dimensional  structures  of  the  SCIII  homodimer  and 
the  C-terminal  domain  from  TnC  have  been  described  elsewhere  [S,  6].  In  this  work, 
all  comparisons  for  the  SCIII  homodimer  are  based  on  the  average  structure  reported 
which  has  been  energy-minimized  to  relieve  poor  van  der  Waals  contacts  from  the 
averaging  protocol.  Figure  1  shows  schematic  diagrams  of  the  SCIII  homodimer  and 
the  C-terminal  domain  of  TnC.  It  is  clear  that  the  overall  fold  of  the  two  structures 
is  very  similar.  Each  structure  consists  of  a-helices  between  residues  97-106  and 
1 15-122,  based  on  $  and  y  angles,  and  the  analogous  helices  are  present  in  the 
symmetrically  related  portion  of  SCIII  and  in  site  IV  in  the  C-terminal  of  TnC.  In 
order  to  examine  these  overall  structural  features  more  closely,  Ramachandran  plots 
for  both  structures  have  been  calculated  and  are  presented  in  Figure  2.  These  two 
plots  reinforce  the  similarity  of  the  structures.  In  both  cases  the  majority  of  the 
residues  have  $,y  angles  clustered  near  6  =-60°,  y  >-60°,  with  only  twelve  outlying 
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points.  Four  of  these  are  found  near  $  =  60°,  y  =  30°  typical  for  glycine  residues. 
In  the  SCffl  homodimer,  two  of  these  points  result  from  Gill  and  Gill'  while  two 
result  from  A109  and  A109'.  The  corresponding  residues  G1 1 1,  G147,  A109  and 
N14S  are  found  in  similar  positions  in  the  Ramachandran  plot  for  TnC.  Of  the 
remaining  eight  points  outside  the  a-helical  range,  6  are  derived  from  residues  in  a  fi¬ 
shed  conformation;  Y112,  1113,  D114  and  Y112',  1113',  D114'  in  the  SCIII 
homodimer  and  FI  12, 1113,  D1 14,  R148, 1149  and  D150  in  TnC. 


Fig.  I.  Ribbon  diagrams  of  the  SCIII  homodimers  (A)  and  the  C-terminal  domain  of 
troponin-C  (residues  93-162.  (Bj)  created  using  the  program  Molscript  [7], 


Fig.  2.  Ramachandran  plots  for  residues  97-122  and  97'-122'for  the  SCIII  homodimer  (A) 
and  analogous  residues  in  the  C-terminal  domain  of  troponin-C  (97-122  and  133-158, 
(B)). 
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In  order  to  compare  the  ligation  of  the  calcium  ions  in  the  SCm  homodimer 
and  the  C-terminal  domain  of  TnC,  the  Xi  angles  for  the  ligating  residues  in  each 
were  measured  (Table  1).  Several  conclusions  can  be  drawn  from  the  values  in  this 
Table.  First,  the  symmetric  nature  of  the  SCm  homodimer  is  reflected  in  the  Xi 
angles  for  symmetrically  related  residues.  The  Xi  angles  for  each  pair  of  ligating 
residues  varies  by  about  1 .8°  on  average.  In  contrast  similar  pairs  of  residues  in  TnC 
vary  by  3.6°  on  average.  The  magnitudes  of  the  Xi  angles  are  similar  for  8  of  the  10 
co-ordinating  residues  for  the  SCm  homodimer  and  TnC.  The  only  exception  is 
D1 14  (and  D1 14')  in  the  SCIII  homodimer  (Xi  =  19.3,  19.9°)  which  are  significantly 
different  compared  with  the  corresponding  residues  D1 14  (Xi  =  66.7°)  and  D1 50  (Xi  = 
65.2°)  in  TnC.  This  interesting  observation  may  be  a  consequence  of  the  dimer 
formation  in  SCm  resulting  in  an  altered  Xi  angle  compared  to  TnC.  Alternatively, 
this  angle  may  be  modulated  by  an  intervening  water  molecule  which  has  been 
observed  between  the  side  chain  carboxyl  group  and  the  calcium  ion  in  the  x-ray 
structure. 

Table  1  Xi  angles  for  calcium  co-ordinating  residues  in  the  SCIII  homodimer  and  C- 
terminal  domain  of  TnC 


Residue 

scm 

C-terminal  TnC 

106 

-175.7 

178.8 

108 

57.6 

65.2 

110 

68.8 

72.1 

114 

19.3 

66.7 

117 

-68.3 

-61.7 

142 

-176.6 

176.1 

144 

57.2 

71.9 

146 

64.6 

67.0 

150 

19.9 

65.2 

153 

-71.3 

-66.5 

In  summary  the  results  described  here  show  the  similarities  in  structure  between 
the  SCIII  homodimer  and  the  C-terminal  domain  of  TnC  and  strongly  support  the 
usefulness  of  synthetic  calcium-binding  peptides  as  models  for  die  native  protein. 
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Introduction 

For  many  years  there  has  been  a  growing  interest  in  the  simple  construction  of 
conformationally  constrained  analogues  of  synthetic  peptides  as  part  of  an  effort  to 
rationally  design  novel  drugs  and  vaccine  candidates.  A  minor  contribution  to  this 
effort  has  been  the  discovery  that  chloroacetyl  and  bromoacetyl  moieties  are  stable  to 
many  of  the  reaction  conditions  and  environments  used  in  t-BOC-based  peptide 
synthesis  [1-3].  The  result  of  this  finding  is  that  chemists  now  are  able  to  place  a 
chloroacetyl  or  bromoacetyl  moiety  at  any  position  in  a  synthetic  peptide  and, 
together  with  a  thiol  like  that  found  in  cysteine,  new  cyclic,  polymeric,  and 
conjugated  peptide- based  materials  can  be  formed. 

We  have  applied  this  technology  to  the  challenge  of  determining  how,  on  a 
molecular  level,  the  envelope  glycoprotein  from  HIV-1,  gpl60,  binds  to  its  cellular 
receptor,  CD4.  By  understanding  this  mechanism,  we  may  have  a  chance  of  having 
something  -  a  drug  or  a  vaccine  -  that  could  block  the  binding  of  HIV-1  to  a  cell  and 
this  could  lead  to  preventing  intracellular  transmission  of  HIV-1  in  vivo. 

In  1987,  Lasky  and  colleagues  determined  the  region  of  gpl20  that  appeared  to 
be  most  responsible  for  its  high  affinity  binding  to  CD4  [4]  and  several  other  groups 
have  used  various  methods  to  reach  some  agreement  about  those  amino  acids  in  CD4 
which  are  primarily  involved  in  binding  gpl20. 

From  a  synthetic  peptide  approach,  no  groups  have  been  able  to  definitively 
show  the  Lasky-derived  region  of  gpl20  to  participate  in  CD4  binding  although  in 
1991  Reed  and  Kinzel  came  very  close  by  demonstrating  some  minor  binding  of 
radiolabeled  pentadecapeptides  derived  from  this  region  to  HeLa  cells  expressing  CD4 
[5],  However,  most  noteworthy  of  the  Reed  and  Kinzel  study  was  their 
demonstration  that  this  peptide  could  convert  to  an  a-helical  secondary  structure 
under  a  polar  solvent  conditions  and  the  suggestion  was  made  that  the  peptide  in 
gpl20  may  be  in  the  a-helical  form  when  bound  to  CD4  [3]. 

In  this  presentation,  we  have  combined  the  haloacetyl  chemistry  mentioned 
above  to  the  challenge  of  understanding  HIV- 1  infection  and  we  demonstrate  that 
peptomers  composed  of  the  CD4  binding  region  from  gpl20  -  initially  described  by 
Lasky  et  al.  [4]  and  expanded  upon  by  Reed  and  Kinzel  [3]  -  have  enhanced  secondary 
structure  and,  perhaps  because  of  the  enhanced  secondary  structure,  can  bind  CD4. 
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Resalts  sad  Discussion 

Using  the  one  letter  abbreviations  for  the  amino  acids,  the  peptide  under  study 
has  the  sequence  K-I-K-Q-I-I-N-M-W-Q-E-V-G-K-A-M-Y-A.  We  define  a  peptomer 
as  a  polymer  composed  of  a  synthetic  peptide  that  is  specifically  cross-linked  to 
itself.  To  make  the  peptomer  from  the  above-listed  peptide,  a  bromoacetyl  group  is 
added  to  the  amino  terminus  and  die  C-terminal  amino  acid  is  cysteine  in  the  amide 
form.  Polymerization  is  carried  out  in  pH  7.0  to  7.5  buffer  as  outlined  in  [2]  and  the 
concentration  of  the  starting  material  is  5  mg/ml. 


Fig.  I.  CD  Spectra  of  peptide(419-436)  and  peptomer(4I9-436)-MN  isolate  of  HIV- 1. 
Spectra  were  recorded  from  280  to  185  nm  on  a  Jasco  Model  J-500A/DP-501N  CD 
spectropolarimeter,  in  Hellma  QS  cells  with  I  mm  path  length  at  room  temperature. 
Peptide  concentrations  were  36  pM  in  H20,  pH  5.3  or  in  5  mM  pH  7.2  sodium  cacodylate 
buffer.  The  conformations  of  the  peptide  and  the  peptomer  were  estimated  using 
Provencher's  spectral  deconvolution  program  [6]  using  the  experimental  CD  data. 

The  CD  spectra  of  peptomer(4 19-436)  compared  with  peptide(419-436),  both  in 
water  is  given  in  Figure  1.  Prom  the  CD  spectra  we  can  conclude  that  the  peptomer 
contains  31±1%  a-helical  content  compared  with  8±7%  for  the  free  peptide. 
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Several  tests  were  then  performed  to  evaluate  the  binding  of  the  peptomer  to 
CD4  and  antibodies  derived  horn  HTV(+)  serum  samples.  Most  noteworthy  was  the 
finding  that  peptomer  immobilized  to  nitrocellulose  and  to  polystyrene  bound  CD4 
in  a  dose-dependent  fashion  and  the  peptomer  also  bound  antibodies  derived  from 
HIV- 1 -positive  serum  samples  (results  not  shown).  The  corresponding  peptide  was 
virtually  inactive  in  the  above  assays. 

The  current  understanding  of  HIV-1  infection  leaves  little  agreement  among 
researchers.  However,  the  idea  that  HIV-1  infection  might  lead  to  autoimmunity 
brought  on  by  the  immunogenicity  of  gpl60  and  the  sequence  homology  of  gpl60  to 
MHC  Class  II  beta  chain  [7],  leaves  one  with  the  belief  that  circumventing  these 
problems  requires  an  approach  that  involves  the  peptide -containing  subunits  of  the 
viral  envelope  protein. 
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Introduction 

Cytoplasmic  molecules  involved  in  tyrosine  kinase  signal  transduction  are 
frequently  modular,  containing  discrete  catalytic  domains  and  additional  protein 
binding  modules  termed  Src  homology  (SH)  domains.  SH2  domains  bind  directly  to 
phospborylated  Tyr  residues  in  growth  factor  receptor  and  non-receptor  Tyr  kinases, 
their  substrates,  and  viral  transforming  proteins  [1,  2],  Fortuitously,  isolated 
expressed  SH2  domains  and  small  synthetic  phosphopeptides  retain  the  capacity  to 
interact  with  one  another  with  high  affinity  and  specificity  [3-7].  In  the  current  study 
we  exploit  the  capacity  of  isolated  SH2  domains  to  retain  function  by  using  SH2 
domain/  phosphopeptide  binding  assays  to  directly  assess  determinants  of  specificity. 

Results  aad  Discussion 

SH2  domains  of  phosphatidylinositol  (PI)  3-kinase  p85,  phospholipase  C-y 
(PLC-y),  the  phosphatase  SH-PTP2,  and  Src  itself  woe  expressed  as  glutathione  S- 
transferase  (GST)  fusion  proteins  in  £.  coli.  Phosphopeptides  synthesized  following 
an  Fmoc/tBu  strategy  using  Fmoc-TyifOfPfOCHj^))  have  sequences  surrounding  the 
numbered  Tyr  residues  of  the  PDGF  receptor:  PDGFR740,  DGGpYMDMSKDE; 
PDGFR751,  SVDpYVPMLDMK;  PDGFR1009,  SVLpYTAVQPNE;  PDGFR1021, 
DNDp YIIPLPDPK ;  die  hamster  polyoma  middle  T  antigen:  hmT324,  EPQpYEEI- 
PIYL;  and  c-Src527:  EPQpYQPGENL. 

Intact  PI  3-kinase  binds  to  multiple  proteins  which  contain  phospborylated 
YMXM  or  YVXM  motifs  [2].  An  isolated  SH2  domain  of  PI  3-kin8se  exhibits  the 
same  specificity  (Figioe  1A)  [4],  ED#  values  for  binding  of  pYM/VXM-peptides 
PDGFR740  and  PDGFR751  are  >1.0  pM,  whereas  the  PDGFR1021  peptide  with  a 
pYIIPL  motif  binds  with  30-fold  lower  relative  affinity  (Figure  1  A). 

In  simulated  cells,  PLC-y  binds  to  Tyrl021  of  the  PDGF  receptor  [8].  When  a 
competition  assay  was  set  up  with  an  SH2  domain  from  PLC-y,  the  PDGFR1021 
phosphopeptide  bound  tightly,  with  an  EDjo  of  >2.0  pM  (Figure  IB).  In  this  case, 
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the  YMXM  peptide  PDGFR740  bound  with  50-fold  lower  affinity  to  demonstrate  an 
appropriate  reversal  in  specificities  between  p85  and  PLC-y  SH2  domains. 


-9  -8  -7  -6  -5  -4  -3  -9  -8  -7  -6  -5  -4-3 

log  [Phosphopeptidn,  (M)] 


Fit.  1.  SH2  domain  binding  assays.  GST -SH2  domain  fusion  proteins,  tracer  amounts  of 
[,2i. IJlabeled  phosphopeptides,  glutathione  agarose,  and  the  indicated  concentrations  of 
unlabeled  phosphopeptides  were  incubated  overnight  with  shaking.  Mixtures  were 
centrifuged  and  supernatant  solutions  removed  by  aspiration.  Radioactivity  associated 
with  the  agarose  pellets  was  used  to  determine  binding  [4].  A.  Competitive  binding  to  the 
N -terminal  SH2  domain  of  PI  3 -kinase  p85  was  analyzed  using  a  high  affinity  IRS- 1 
derived  tracer  [4]  and  unlabeled  PDGFR740,  PDGFR75I  and  PDGFR1021.  B.  Binding  to 
the  C-terminal  SH2  domain  of  PLC-y  was  analyzed  using  radiolabeled  PDGFR1021  and 
unlabeled  peptides  PDGFR102I  and  PDGFR740.  C.  Binding  analyses  with  the  N -terminal 
SH2  domain  of  SH-PTP2  was  with  radiolabeled  PDGFRI009  and  unlabeled  PDGFR1009 
and  PDGFR740.  D.  Analyses  of  binding  with  the  SH2  domain  of  Src  were  with 
[,2il]labeled  hmt324  and  unlabeled  hmt324  and  c-Src527  [5]. 

Peptide  library  studies  to  map  specificity  suggested  that  an  SH2  domain  of  SH- 
PTP2  might  bind  tightly  to  a  pYTAV  motif  [7].  This  sequence  surrounds  Tyrl009 
of  the  PDGF  receptor,  and  was  subsequently  found  to  direct  interactions  between  the 
intact  proteins  [9].  A  phosphopeptide  corresponding  to  this  motif,  PDGFR1009, 
binds  to  an  SH2  domain  of  SHPTP2  with  an  EDjq  value  of  *15.0  pM  (Figure  1C), 
whereas  peptide  PDGFR740  bound  with  >100- fold  lower  affinity. 

Physiologically  relevant,  high-affinity  interactions  with  the  Src  SH2  domain 
are  not  understood  sufficiently  to  predict  a  binding  motif,  although  the 
phosphorylated  C-tenninus  of  c-Src  reportedly  binds  its  own  SH2  domain  [2]. 
Library  studies  suggested  that  pYEEI  might  bind  with  high  affinity  [7],  and  this 
motif  was  found  surrounding  Tyr324  of  the  hamster  polyoma  mT  antigen.  A 


R.  Case  el  aL 


Peptide  Macromolecular  Interactions 


corresponding  phosphopeptide  bound  to  the  Src  SH2  domain  with  high  affinity, 
whereas  a  peptide  corresponding  to  the  c-Src  tail  sequence  bound  with  100-fold  lower 
affinity  (Figure  ID). 

SH2  protein  interactions  with  phosphoproteins  can  be  reconstituted  in  vitro 
using  isolated  SH2  domains  and  phospbopeptides  corresponding  to  phosphorylation 
sites  of  growth  factor  receptor  and  non-receptor  tyrosine  kinases  and  their  substrates. 
(■Specificity  in  these  interactions  is  retained.  Affinity  differences  between  peptides 
which  bound  specifically  vs.  non-specifically  ranged  from  50-  to  >1 00-fold  for  SIC 
domains  from  four  functionally  distinct  cytoplasmic  signaling  proteins.  The  described 
assay  method  is  generally  usefril  for  analyzing  SIC  domain  specificity. 
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Introduction 

Mature  NCp7  human  immunodeficiency  virus  type  1  (HIV-1)  is  a  72  amino 
acid  basic  protein  which  contains  two  CCHC  retroviral  type  zinc  Anger  domains 
characterized  by  a  high  zinc  binding  afAnity.  In  vitro,  NCp7  was  shown  to  promote 
RNA  dimerization  and  annealing  activities,  two  critical  processes  for  virus  infectivity 
[1],  In  vivo,  deletion  of  CCHC  boxes  caused  loss  of  virion  infectivity  due  to 
genomic  packaging  defects.  The  3D  structure  of  NCp7,  recently  elucidated  by  600 
MHz  'H  nuclear  magnetic  resonance  (NMR)  and  distance-geometry  calculations,  is 
characterized  by  a  kink  at  the  Pro31  level  in  the  basic  sequence  29RAPRKK34, 
inducing  a  spatial  proximity  of  the  aromatic  residues  Phe16  and  Trp37  of  each  zinc 
Anger  [2].  In  order  to  study  the  biological  relevance  of  NCp7  structural  features,  we 
have  on  the  one  hand  substituted  DPro31  for  Pro31  in  the  active  (13-64)NCp7  and,  on 
the  other  hand,  Cys23  for  His23  in  the  Arst  zinc  Anger  domain  of  the  active  (13- 
64)NCp7.  The  structures  of  both  peptides  were  investigated  using  'H  NMR 
spectroscopy  and  their  biological  activity  tested  as  described  [4]. 

Results  and  Discussion 

The  modiAed  peptides  were  chemically  synthesized  using  the  stepwise  solid 
phase  synthesis  method  in  Fmoc  chemistry.  Resonance  assignments  were  made  by 
analysis  of  the  2-D  DQF-COSY.TOCSY  and  NOESY  experiments  recorded  on  a 
Broker  AMX600  spectrometer. 

DPro^'(  13-64)NCp7 

Comparison  of  NOESY  spectra  recorded  for  native  protein  and  DPro3,(13- 
64)NCp7  reveals  the  disappearance  in  DPro3,(13-64)NCp7  of  the  bH  Phe16/H-4 
aromatic  proton  of  Trp37  NOE,  but  also  of  the  reported  NOEs  found  between  the 
second  zinc  Anger  domain  and  the  linker  region  R^APRKK34.  The  stereochemical 
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inversion  of  P31  therefore  rules  out  the  particular  relative  orientation  of  the  zinc 
finger  domains  that  is  observed  in  the  native  protein  [3]. 

Cys23  ( 13-64)NCp7 

The  ID  spectrum  of  (13-64)NCp7  exhibits  deshielded  NH  and  oeH  resonances, 
indicating  that  Cys23(13-64)NCp7  still  binds  two  equivalents  of  zinc,  but  inspection 
of  the  proton  chemical  shifts  as  well  as  the  NOESY  data  shows  that  the  modified 
zinc  finger  domain,  but  also  the  linker  region  R29APRKK33,  undergo  drastic 
conformational  changes.  NOEs  were  used  as  input  for  DIANA  calculations  and 
DIANA  con  formers  were  refined  using  the  AMBER  package.  Figure  1  displays  the 
superposition  of  the  CCCC  box  and  the  native  CCHC  box.  The  first  residues  are 
relatively  well  superimposed  (rmsd=  1.41  A)  but  a  kink  at  the  Cys23  level  throws  the 
backbone  chain  ends  far  away  from  each  other. 

The  second  zinc  finger  domain,  which  preserves  the  same  folded  conformation 
in  both  peptides,  is  unable  to  reach  the  spatial  position  found  for  NCp7. 
Accordingly,  the  mean  distance  between  aromatic  residue  centers  is  increased  from  3.1 

A  to  165  A. 


Fig.  I.  Superimposition  of  alpha  carbon  chain  of  the  residues  from  VI 3  to  G22  of  native 
finger  ( CCHC  box )  and  mutant  finger  (CCCC  box). 

Biological  activity 

Dimerization  of  HIV-1  RNA(1-415)  reveals  that  both  mutations  lead  to  a 
drastic  decrease  in  the  in  vitro  annealing  activities  of  NCp7.  Accordingly,  site  directed 
mutagenesis  experiments  replacing  Pro31  by  Leu31  or  His23  by  Cys23  lead  to 
complete  loss  of  virion  infectivity. 

The  biological  inactivity  of  DPro3l(13-64)NCp7  and  Cys23(13-64)NCp7  is 
therefore  probably  due  to  changes  in  the  relative  orientation  of  the  short  basic 
sequences  flanking  the  zinc  fingers,  thus  inhibiting  their  interactions  with  nucleotidic 
sequences.  These  observations  should  facilitate  the  rational  design  of  compounds 
aimed  at  inhibiting  retrovirus  replication. 
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Introduction 

Mammalian  haemostasis  is  maintained  by  the  highly  regulated  systems  of 
coagulation  and  fibrinolysis.  Coagulation  involves  the  activation  of  a  number  of 
serine  proteases  in  a  sequential  manner.  The  ultimate  cleavage,  fibrinogen  to  fibrin, 
forms  the  clot.  A  number  of  the  proteolytic  events  leading  up  to  production  of  fibrin 
are  surface  dependent;  that  is,  proteases  involved  will  not  cleave  their  physiologic 
substrates  in  the  absence  of  phospholipid  surface,  i.e.  platelets.  This  surface 
dependent  interaction  is  always  found  with  proteases  that  contain  a  number  of  y- 
carboxyglutamic  acid  residues  [1].  These  residues  are  clustered  at  the  amino  terminus 
among  the  first  38  residues  forming  what  is  known  as  the  Gla  domain.  Its  known 
function  is  to  bind  calcium,  facilitating  the  phospholipid  interaction.  This  study 
investigates  both  the  structural  and  functional  aspects  of  this  region  as  an  independent 
domain. 

Results  aud  Discussion 

We  have  synthesized  the  38  residue  domain  as  well  as  a  48  residue  peptide 
which  contains  an  extra  10  residue  a-helix  thought  to  stabilize  the  folded  Gla  region. 
The  folding  of  this  region  is  calcium  dependent  [2]. 

The  calcium  binding  data  fit  a  simple  model  of  two  types  of  sites;  tight  sites 
with  Kd  <  300pM,  n  *  2,  and  slight  negative  cooperativity,  and  weak  sites  with  Kd 
-  l.SmM,  n  >  5,  and  positive  cooperativity.  The  conformational  change  observed 
upon  calcium  binding  was  found  to  correlate  with  the  weak  sites.  CD  analysis  of  the 
peptide  at  various  calcium  concentrations  shows  an  increase  in  a-helkal  content  with 
“Gy,  of  I.6mM.  A  schematic  is  presented  in  Figure  1  to  illustrate  the  system. 

In  order  to  identify  the  specific  Gla  residues  involved  in  each  type  of  site,  the 
48mer  peptide  was  synthesized  with  individually  labelled  Y,y-l3C2  Gla.  Thus  far, 
four  positions  have  been  labelled  and  titrated.  Gla  20  and  Gla  14  participate  in  the 
weak  binding  sites.  Gla  26  and  Gla  16  are  involved  in  the  tight  sites.  Figure  1 
shows  dre  chemical  stuff  dependence  of  Gla  16  on  calcium. 

The  conformations  of  die  folded,  calcium  bound  peptides  were  similar  to  protein 
C.  Competition  experiments  with  a  monoclonal  antibody  (JTC1)  which  recognizes 
only  the  folded,  calcium  bound  form  of  protein  C,  showed  die  peptides  to  have  an  8- 
fold  weaker  affinity  for  the  antibody.  This  conformation  is  required  for  phospholipid 
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interaction.  The  calcium  dependence  for  phospholipid  binding  was  the  same  for 
protein  C  as  for  the  peptides,  again  -  0.5  -  1.5mM.  However,  the  affinity  at 
saturating  calcium  of  protein  C  for  the  vesicle  surface  was  two  orders  of  magnitude 
greater.  This  strongly  suggests  that  another  part  of  the  protein  makes  contact  with 
the  membrane  surface. 


0  S  10  IS  20  2S 
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Fig.  I.  Proposed  model  for  calcium  binding  and  folding  of  the  Gla  domain. 
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Introduction 

Glutathione  (y-Glu-Cys-Gly),  the  major  nonprotein  thiol  in  cells,  participates 
in  a  variety  of  cell  functions  including  the  detoxification  of  toxic  electrophilic 
compounds  and  the  biosynthesis  of  peptidoleukotrienes.  These  two  functions  are 
mediated  through  glutathione  S-conjugation  reactions  catalyzed  by  the  supergene 
family  of  glutathione  S-transferases  [1].  The  enzymes’  active  site  consists  of  two 
distinct  regions;  a  polar  G-site  for  binding  glutathione  and  a  hydrophobic  H-site  for 
the  electrophilic  substrate.  Features  for  the  recognition  and  binding  of  glutathione  at 
the  G-site  are  discussed  below. 

Results  and  Discussion 

Crystal  structures  for  cytosolic  class  Pi  glutathione  S-transferases  (GSTP1-1) 
complexed  with  glutathione  analogues  were  determined  by  X-ray  diffraction  at 
resolution  of  2.8A  (human  GSTPl-l-S-hexylglutathione;  R-factor  =  0.196)  and 
2.1  lA  (porcine  GSTPl-l  glutathione  sulphonate;  R-factor  =  0.165)  [2-4].  Inspection 
of  these  structures  indicate  a  network  of  multiple  polar  interactions  involved  in  the 
recognition  and  binding  of  the  glutathione  analogues  at  the  G-site  of  the  homodimeric 
glutathione  S-transferases,  as  illustrated  in  Figure  1.  Oligonucleotide-directed 
mutagenesis  studies  [5]  have  also  confirmed  the  participation  of  the  G-site  residues 
Tyr7,  Argl3,  Gln62  and  Asp96  in  binding  glutathione.  The  extended  conformation 
assumed  by  the  sequestered  analogues  as  well  as  the  strategic  interactions  closely 
resemble  those  features  observed  for  reduced  glutathione  bound  at  the  G-site  of  the 
class  Mu  isoenzyme  [6]  and  for  S-benzyl  glutathione  bound  at  the  G-site  of  class 
Alpha  glutathione  S-transferase  [7],  Surface  and  electronic  complementarity  between 
the  protein  and  glutathione's  y-glutamyl  moiety  is  extensive  in  support  of  structure- 
activity  data  that  this  group  is  the  principal  binding  determinant  for  the  tripeptide. 
Furthermore,  the  extent  to  which  the  glutathione  backbone  is  sequestered  at  the  G-site 
through  polar  interactions  indicates  tight  constraints  on  thiol  substrate  recognition 
and  explains  the  high  level  of  substrate  specificity  displayed  by  the  glutathione  S- 
transferases  for  reduced  glutathione. 
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Fig.  1.  Schematic  representation  of  the  polar  interactions  between  glutathione  (thick 
solid  line)  and  protein  moieties  at  the  glutathione-binding  site  (G-site)  of  the  homodimeric 
class  Pi  glutathione  S-transferases  (Mr  48500).  One  G-site  exists  on  each  subunit  and 
Asp96  ( marked  with  an  asterisk),  which  salt  links  to  glutathione's  amino  group  at  the 
subunit  interface,  is  the  only  G-site  ligand  from  the  adjacent  subunit.  Dashed  lines 
correspond  to  hydrogen  bonds  (<3.5A).  Water-mediated  hydrogen  bonds  with  solvent 
molecules  W24  and  W27  are  also  shown. 

References 

1 .  Mannervik,  B.  and  Danielson,  U.H.,  CRC  Crit.  Rev.  Biocbem.,  23  (1988)  283. 

2.  Dirr,  H.W.,  Mann,  K.,  Huber,  R„  Ladenstein,  R.  and  Reinemer,  P„  Eur.  J.  Biocbem., 
196  (1991)  693. 

3.  Reinemer,  P„  Dirr,  H.W.,  Ladenstein,  R.,  Schaffer,  J.,  Gallay,  O.  and  Huber,  R-, 
EMBO  J.,  10  (1991)  1997. 

4  Reinemer,  P„  Dirr,  H.W.,  Ladenstein,  R.,  Huber,  R.,  LoBello,  M.,  Federici,  G.  and 
Parker,  M.W.,  J.  Mol.  Biol.,  227  (1992)  214. 

5.  Manoharan,  T.H.,  Gulick,  A.M.,  Reinemer,  P.,  Dirr,  H.W.,  Huber,  R.  and  Fahl,  W.E., 
J.  Mol.  Biol.,  226  (1992)  319 

6.  Ji,  X.,  Zhang,  P„  Armstrong,  R.N.  and  Gilliland,  G.L.,  Biochemistry,  31  (1992) 
10169 

7.  Sinning,  I.,  Kleywegt,  G.J.,  Cowan,  S.W.,  Reinemer,  P.,  Dirr,  H.W.,  Huber,  R., 
Gilliland,  G.L.,  Armstrong,  R.N.,  Ji,  X.,  Board,  P.G.,  Mannervik,  B.  and 
Jones.  T.A.,  J.  Mol.  Biol.,  232  (1993)  192. 


935 


Ail  improved  method  to  study  peptide-protein 
interaction  by  surface  plasmon  resonance  (SPR) 


J.W.  Drijfhout1,  D.J.  v.d.  Heuvel4,  W.  Bloemhoff2, 
G.W.  Welling3  and  R.P.H.  Kooyman4 

lDept.  Immunohaematology  and  Bloodbank,  University  Hospital 
Leiden,  P.O.  Box  9600,  2300  RC  Leiden,  The  Netherlands 
2Gorlaeus  Laboratories,  University  Leiden,  The  Netherlands 
3 Dept.  Medical  Microbiology,  University  Groningen,  The  Netherlands 
4 Dept.  Applied  Physics,  University  Twente,  The  Netherlands 


Introduction 

Application  of  SPR  for  investigating  interactions  between  biomolecules  is 
gaining  interest  because  the  technique  is  easy,  fast,  sensitive  and  relatively  cheap. 
Moreover,  the  SPR-technique  has  shown  to  be  a  fruitful  concept  in  the  design  of 
various  kinds  of  immunosensors.  Methods  for  immobilization  of  one  of  the 
components  to  a  (gold)  layer,  a  prerequisite  for  applying  SPR,  generally  result  in 
molecular  layers  that  are  randomly  immobilized  with  poorly  defined  composition. 
Here  we  present  a  method  for  coupling  synthetic  peptides  directly  to  the  gold,  which 
is  easy  to  perform,  highly  reproducible  and  results  in  an  ordered  peptide  monolayer, 
of  which  the  precise  composition  can  be  accurately  tuned. 

Results  and  Discussion 

The  immobilization  method  presented  here  makes  use  of  the  high  affinity  of  a 
gold  surface  for  thiol-functionalities.  Since  thiol  containing  peptides  are  susceptible 
to  (air)oxidation  they  are  produced  by  SPPS  in  their  S-acetyl-protected  form.  To 
induce  the  formation  of  an  ordered  monolayer  [1]  an  alkyl  spacer  was  coupled  between 
the  peptide  and  the  thiol  function.  In  order  to  obtain  a  monolayer  in  which  the 
spatial  arrangement  of  the  peptide  molecules  is  such  that  they  are  able  to  interact 
with  protein  molecules  in  solution  the  monolayer  was  formed  applying  a  mixture  of 
lipopeptide  and  dilutor.  Thus  in  the  last  steps  of  SPPS  peptides  were  elongated  with 
1 1 -amino-undecanoic  acid  (Fmoc  derivative,  Bop/NMM  coupling).  After  Fmoc 
removal  the  S-acetylmercaptoacetyl  (SAMA)  moiety  was  attached  by  coupling  with 
the  Pfp  ester  of  S-acetylmercaptoacetic  acid  in  the  presence  of  HOBt  [2].  S- 
acetylmercaptoacety  1- 1 1  -amino-undecanoic  acid  was  used  as  a  dilutor.  Lipopeptide 
and  dilutor  (micromolar  concentration  in  PBS)  were  mixed  in  various  ratios  and  S- 
acetyl  deprotected  with  hydroxylamine  at  neutral  pH.  By  applying  such  a  mixture  to 
the  gold  surface  a  strong  binding  was  achieved  between  the  thiol  groups  and  the  gold, 
resulting  in  a  monolayer  stabilized  by  hydrophobic  interaction  between  the  aliphatic 
chains  (see  Figure  1). 
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Fig.  1.  Schematic  representation  of  the  lipopeptide/dilutor  mixture  forming  an  ordered 
monolayer  on  a  gold  surface. 

As  an  example  we  present  here  the  results  of  SPR  studies  with  a  peptide  derived 
from  a  herpes  simplex  glycoprotein  (9-21)  [3]  and  a  monoclonal  antibody  (A  16) 
which  is  known  to  react  with  this  peptide.  The  binding  of  9-21  to  A16  proved  to  be 
sensitive  to  the  dilutor/lipopeptide  ratio.  At  3  mo\%  peptide  coverage  the  binding  of 
the  monoclonal  was  optimal.  At  this  dilution  the  peptide  molecules  probably  have 
the  proper  spacing  for  allowing  interaction  with  the  antibody.  With  higher  peptide 
loading  the  peptide  molecules  are  too  close  together  for  optimal  interaction  with  the 
protein,  whereas  with  lower  peptide  loading  not  enough  protein  is  bound  to  cover  the 
surface.  At  3  mol%  peptide  coverage,  assuming  an  occupied  area  of  21  A2  per  bound 
thiol  compound  [4],  the  average  nearest  neighbour  peptide  distance  is  approximately 
100  A.  This  is  in  the  order  of  the  dimensions  of  an  antibody  molecule.  Under  these 
conditions  we  find  a  bound  antibody/peptide  ratio  of  0.4,  probably  caused  by  the 
distribution  of  nearest  neighbour  distances  around  die  average.  The  affinity  constant 
of  this  particular  interaction  was  determined  to  be  2x10s  M'1  and  the  detection  limit 
for  A16  proved  to  be  10"11  M. 

Because  of  the  good  reproducibility  and  high  sensitivity  the  described  SPR  set¬ 
up  is  very  well  suited  to  be  used  as  immunosensor. 

References 

1 .  Bain,  C.D.  and  Whitesides,  G.M.,  Angew.  Chem.  Int.  Ed.  Engl.,  28  (1987)  507. 

2.  Drijfhout,  J.W.,  Bloemhoff,  W.,  Poolman,  J.T.  and  Hoogerhout,  P.,  Anal. 
Biochem.,  187  (1990)  349. 

3.  Weijer,  W.J.,  Drijfhout,  J.W.,  Geerligs,  H.J.,  Bloemhoff,  W.,  Feijlbrief,  M., 
Bos,  C.A.,  Hoogerhout,  P.,  Kerling,  K.E.T.,  Popken-Boer,  T.,  Slopsema,  K., 
Wilterdink,  J.B.,  Welling,  G.W.  and  Welling-Wester,  S.,  J.  Virol.,  62  (1988)  501. 

4.  Alves,  C.A.,  Smith,  E.L.  and  Porter,  M.D.,  J.  Am.  Chem.  Soc.,  114  (1992)  1222. 


Investigation  of  protein  kinase  substrate 
recognition 


N.  Flinn,  M.R.  Munday,  C.  Van  der  Walle,  C.  Toomey 

and  I.  Toth 

Department  of  Pharmaceutical  Chemistry,  School  of  Pharmacy, 
University  of  London,  29-39  Brunswick  Square, 

London  WC1N  1AX,  U.K. 


Introduction 

Acetyl  Co-Enzyme  A  Carboxylase  (ACC)  is  one  of  the  major  enzymes  which 
regulate  the  rate  of  mammalian  fatty  acid  biosynthesis.  Control  of  the  enzyme  is 
mediated  by  physiological  phosphorylation  and  inactivation,  via  a  Protein  Kinase  and 
dephospborylation  and  activation,  via  a  protein  phosphatase  [1,  2,  3].  Originally  it 
was  thought  that  the  protein  kinase  responsible  was  cyclic  AMP  dependent  protein 
kinase  (cAMP-PK),  however,  extensive  research  has  shown  the  phosphorylation  to 
be  carried  out  by  an  AMP  activated  protein  kinase  (AMP-PK).  The  major 
phosphorylation  site  on  ACC  is  at  Ser79,  with  its  surrounding  amino  acid  sequence 
being  H73  M  R  S76  S  M  S79  G  L  H  L  V  K.  The  importance  of  His73,  Met74  and 
Arg75,  to  the  recognition  of  this  sequence  by  the  AMP-PK  was  assessed.  Nine 
pentadecapeptides  were  synthesized  on  solid  phase,  and  the  amino  acids  73-76  were 
varied.  The  ability  of  the  synthetic  peptides  to  act  as  substrates  for  the  AMP-PK 
were  investigated,  using  Michaelis-Menten  kinetics  to  provide  information  regarding 
binding  and  activity.  Individual  protein  kinases  recognize  a  distinct  amino  acid 
consensus  sequence  around  the  reversible  phosphorylation  site.  Some  consensus 
sequences  identified  by  protein  kinases  arc  already  known.  A  general  requirement  is 
the  presence  of  basic  residues  N-terminal  to  the  Ser/Thr  being  phosphorylated. 
However,  the  involvement  of  secondary  structure  as  a  possible  factor  in  recognition, 
cannot  be  ruled  out. 

The  amino  acid  sequence  of  known  AMP-PK  substrates  were  studied  for  any 
homology  about  the  phosphorylation  site,  D  provide  an  indication  of  the  residues 
involved  in  the  recognition  of  substrates.  In  enzymes  Acetyl -Co A  Carboxylase 
Ser79,  Ser 1200,  Serl213,  Hormone  Sensitive  Lipase  SerS65,  Glycogen  Synthase 
Ser 7  and  HMG-CoA  Reductase  Ser87 1 ,  N-terminal  to  the  phosphorylated  Ser, 
basic/polar  residues  are  common  at  position  -3  and  -4.  Hydrophobic  residues  are 
present  at  -3,  particularly  Met,  while  at  -6  a  ring  structure  is  maintained  in  all  but 
one  of  the  substrates  [4]. 
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The  following  analogues  were  synthesized  and  assayed  [S]  (Graph  1,  Graph  2): 

HMRSSMS79GLHLVK(RR)  CONTROL,  HMARSSMS79GLH 
LVK(RR),  HMASSMS79GLHLVK(RR),  HFRSSMS79GLHL 
VK(RR),  WMRSSMS79GLHLVK(RR),  AMRSSMS79GLHL 
VK(RR)andPMRSSMS79GLHLVK(RR). 
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A  basic  residue  such  as  Arg  or  Lys  seems  to  be  extremely  important  at 
positions  -3  and  -4,  indicating  die  potentiality  of  a  charged  interaction  between  the 
enzyme  binding  site  and  the  peptide.  At  position  -3,  a  hydrophobic  residue  is 
required,  and  primarily  one  with  a  large,  bulky  side  chain.  Indeed,  Phe  appears  to 
exhibit  the  most  favourable  result,  when  introduced  to  this  position,  suggesting  the 
presence  of  a  hydrophobic  pocket  in  die  conformational  structure  of  the  binding  site 
within  AMPPK.  The  ring  formation  at  position  -6  would  appear  to  be  a  hindrance  to 
the  coupling  of  the  substrate  with  the  enzyme.  Surprisingly  Ala  emerges  as  the 
prime  candidate  to  occupy  this  position,  showing  that  even  though  altering  the  ring 
size  produces  a  slight  decrease  in  the  Km  value,  a  snail,  neutral  residue  provides  an 
enormous  increase  in  the  binding  affinity.  Thus,  knowledge  of  this  consensus 
sequence  could  lead  to  the  assembly  of  potent  specific  inhibitors  of  AMPPK  which 
would  provide  useful  information,  when  used  as  a  pharmacological  toed,  as  to  the 
physiological  importance  of  the  enzyme.  Also,  e  specific  inhibitor  of  AMPPK  may 
be  of  some  significance  in  the  treatment  of  Type  1  Diabetes  Mellitus,  by  increasing 
die  flux  of  glucose  through  die  lipid  biosynthetic  pathways. 
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Introduction 

In  recent  years  significant  interest  has  been  generated  in  studying  the  de  novo 
designs  of  synthetic  polypeptides  which  mimic  the  folding  patterns  of  proteins.  In 
order  to  understand  the  folding  patterns  of  proteins,  it  becomes  essential  to  understand 
the  function  of  ionizable  side  chains  of  amino  acid  residues  with  shifted  pKa  values. 
In  this  direction,  hoe  we  report  the  synthesis  and  note  the  partial  characterization  of  a 
set  of  protein-based  polymers,  actually  polytricosapeptides,  poly[3(GVGVP), 
2(GFGFP),  (GEGFP)XII);  poly[2(GVGVP),  2(GVGFP),  (GFGFP),  (GEGFP)]  (III); 
po!y[GEGFP  GVGVP  GVGVP  GVGVP  GFGFP  GFGFP]  (IV);  poly  [GEGFP 
GVGVP  GVGFP  GFGFP  GVGVP  GVGFP]  (V);  and  poly[GEGVP  GFGFP 
GFGVP  GVGVP  GFGFP  GVGVP]  (VI),  all  having  the  same  theoretical  and 
essentially  the  same  analytical  amino  acid  compositions.  These  were  designed  for  the 
purposes  of  (1)  maximizing  hydrophobic-induced  pKa  shifts  by  most  proximal 
placing  of  five  Phe  residues  to  a  single  Glu  residue  in  polymer  V  being  designed  on 
die  basis  of  the  working  {3- spiral  structure  of  poly(GVGVP)  [1, 2],  (2)  using  primary 
structure  to  achieve  proximity  of  Phe  to  Glu  in  polymer  IV,  and  (3)  having  the  same 
composition  but  with  a  disordering  of  the  corresponding  six  composite  pentamers  in 
polymers  n  and  ID. 

Results  and  Discussion 

In  a  previous  report  [3]  was  described  the  synthesis  of  poly[4(GVGVP), 
GEGVP)]  (I)  with  the  side  chain  function  of  Glu  protected  by  methyl  ester  and 
deblocked  by  base  treatment  with  NaOH.  The  synthesis  was  subsequently  repeated 
by  following  the  same  procedure  but  the  same  result  without  the  side  reaction  could 
not  be  obtained.  Therefore,  prior  to  attempting  die  synthesis  of  polytricosapeptides, 
Glu  containing  23  mas  were  assembled  on  the  solid  phase  with  methyl,  benzyl  and 
cyclohexyl  ester  protection  for  the  Glu  side  chain  in  order  to  choose  die  best  side 
chain  protecting  group  which  would  minimize  the  side  reactions  of  Glu.  Only  on 
preparation  using  the  cyclohexyl  ester  protecting  group  was  the  original  pKa 
routinely  obtained.  Our  results  support  the  conclusion  that  the  cyclohexyl  ester  is  a 
suitable  protecting  group  for  the  synthesis  of  peptides  containing  Glu. 
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The  tricosapeptides  IV,  V  and  VI  (fixed  sequences)  were  synthesized  by  the 
[(5+5+5)+{5+5+5)]  fragment  coupling  strategy  in  the  classical  solution  methods. 
The  pen  tamers  required  for  this  purpose  were  synthesized  as  previously  described  [4, 
5].  In  the  syntheses,  the  Boc  group  was  used  for  N“-protection  and  the  cyclohexyl 
group  for  Glu  side  chain  protection.  The  C-terminus  carboxyl  group  was  protected 
by  the  benzyl  ester,  and  its  removal  was  affected  by  hydrogenolysis  using  ItyPd- 
C(10%).  All  coupling  reactions  and  deblocking  were  achieved  by  EDCI/HOBt  and 
TFA,  respectively.  For  polymers  IV,  V  and  VI,  the  tricosamer  acids  were  deblocked 
and  1M  solution  of  each  TFA  salt  was  polymerized  using  EDCI  and  HOBt  in  the 
presence  of  1.6  equiv.  of  NMM  as  base.  After  14  days,  the  polymers  were  then  each 
dissolved  in  water,  dialyzed  using  3500  mol  wt.  cut-off  dialysis  tubing  and 
lyophilized.  The  Glu  side  chain  protection  was  deblocked  using  HF:p-cresol 
(90:10,v/v)  for  1  h  at  0°C.  The  polymers  were  then  dissolved  in  water,  dialyzed 
using  50kD  mol  wt.  cut-off  dialysis  tubing  and  lyophilized.  For  polymers  II  and  m, 
the  composite  pentamers  were  converted  to  p-nitrophenyl  esters,  mixed  in  the 
appropriate  ratios  and  polymerized  to  obtain  polymers  with  disordering  of  the 
composite  pentamers  of  polymers  IV  and  V,  respectively. 

Table  1  Amino  acid  composition  and  experimental  pKa  values  for  polymers  I  through  VI 


Amino  Acid 

orpKa 

Polymer 

I 

Found  Theoretical 

m 

Found 

IV 

Found 

m 

VI 

Found 

II- VI 
Ihenetiai 

Glu(E) 

0.20 

0.20 

0.18 

0.15 

0.16 

0.15 

0.18 

0.17 

Gly(G) 

1.99 

2.00 

110 

1.93 

2.06 

101 

2.01 

2.00 

Pro  (P) 

1.00 

m 

1.00 

1.00 

1.00 

1.00 

1.00 

1.00 

Val(V) 

1.79 

1.80 

0.91 

0.99 

0.91 

0.94 

0.93 

1.00 

Phe(F) 

.... 

.... 

0.78 

0.90 

0.86 

0.84 

0.80 

0.83 

i  'ill  1' I  Of 

4.3  ±  0.02 

4.7  ± 
0.05 

“n? 

0.05 

K$S 

0.1 

TTT 

0.1 

In  the  amino  acid  analyses.  Pro  is  taken  as  1.0. 


Verification  of  the  syntheses  was  achieved  by  amino  acid  analyses  shown  in 
Table  1  and  by  means  of  the  NMR.  The  acid-base  titrations  were  carried  out  at  20°  C 
as  previously  described  using  45  minutes  per  data  point  under  a  nitrogen  atmosphere 
[6],  and  die  experimental  acid-base  titration  curve  for  an  individual  ran  of  the  polymer 
VI  is  given  in  Figure  1.  The  normal  pKa  for  the  carboxyl  moiety  of  the  Glu  residue 
is  4.3.  Polymers  II,  HI,  IV,  V  and  VI  exhibited  pKa  values  for  the  Glu  residues  of 
4.7,  6.3,  7.7,  8.1  and  6.3,  respectively.  With  only  one  Glu  per  30  residues,  the 
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charge-charge  repulsion  mechanism  for  pKa  shifts  is  ruled  out  as  the  polymers  are 
clearly  of  a  composition  for  the  hydrophobic  domain  [7].  A  3.8  pH  unit  shift  in  pKa 
represents  the  largest  pKa  shift  documented  for  a  Glu  residue  in  a  simple  polypeptide- 
water  system,  an  apolar-polar  repulsive  free  energy  erf  hydration  of  5  Itcal/mole,  and  a 
significant  interaction  in  protein  structure  and  function.  These  results  were  further 
supported  by  our  recent  work  on  the  polymer  system,  poly[fy(IPGVG),fx(IPGXG)] 
(X=Glu  or  Asp)  where  larger  pKa  shifts  were  obtained  as  fx  became  less  than  0.3  [7, 
8]. 
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Introduction 

The  "sex  determining  region”  Y  (SRY)  gene  controls  the  embryo  towards  a 
male  development  [1].  This  gene  encodes  a  204  residue  long  protein  containing  80 
amino  acid  motif  which  shows  a  strong  homology  with  the  HMG  (High  Mobility 
Group)  box  [2],  We  report  here  some  properties  which  indicate  that  a  synthetic 
peptide  built  of  the  80  residues  corresponding  to  this  HMG  box  shows  binding 
properties  which  can  account  for  the  biological  activity  of  the  full  length  protein  and 
compare  these  properties  with  these  of  a  deleted  analogue. 

Results  and  Discussion 

The  80  residue  long  peptide  of  sequence  DRVKRPMNAF'°IVWSRDQR 
RK20MALENPRMRN30SEISKQLGYQ<0WKMLTEAEKW30PI3FQEAQKLQ80AM 
H  REKYPNY70KYRPRRKAKM80  called  hereafter  SRY80  was  synthesized  by  the 
continuous  flow  method  and  it  is  shown  that  this  peptide,  similarly  to  the  full  length 
protein,  binds  specifically  its  target  nucleotide  sequence  AATAAAG  while  that  a 
shortened  analogue  lacking  the  16  N-terminal  residues  (SRY64)  does  not  [3], 

How  can  such  a  peptide  bind  DNA?  Owing  to  the  ability  of  A-T  rich 
polynucleotides  to  bind  the  dye  (2'[4-hydroxypheny I]-5-  (4-methyl- 1  -piperazinyl]-2,5'- 
bi-lH-benzimidazole)  or  Hoechst  33258  in  its  minor  groove,  the  fact  that  this  dye 
could  be  displaced  by  the  peptide  would  be  a  good  indication  that  SRY80  interacts 
with  the  polynucleotide  through  contacts  occurring  in  the  minor  groove  [4],  From 
the  experimental  point  of  view,  it  is  shown  that  the  dye  is,  indeed,  displaced  by 
SRY80  as  revealed  by  a  lowering  of  the  fluorescence  of  the  dye.  This  finding  is  in 
agreement  with  the  conclusions  reported  by  van  de  Wetering  and  Clevers  [5]  who 
concluded  to  a  binding  in  the  minor  groove  on  the  basis  of  binding  experiments 
using  combined  T-C  and  A-I  substitution. 

Is  the  minor  groove  the  unique  binding  site?  Certain  information  obtained  by 
CD  indicate  that  the  major  groove  could  also  be  involved  in  the  binding  procedure. 
Indeed,  the  far  UV  peptide  contribution  is  modified  by  the  presence  of  oligonucleotide 
(Figure  1)  in  die  way  that  the  addition  of  DNA  containing  the  target  sequence  induces 
an  increase  of  the  a  helical  content  up  to  about  20%  (Figure  2).  As  the  minor 
groove  is  too  small  to  accommodate  an  a  helix,  the  present  observation  suggests  that 
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the  binding  of  SRY80  to  DNA  also  occurs  through  the  major  groove  which 
possesses  suitable  dimensions  to  accommodate  an  a  helix  [6].  The  origin  of  the 
selectivity,  minor  or  major  groove,  is  still  an  open  question.  It  must  be  mentioned 
that  CD  investigations  also  reveal  that  some  conformational  changes  of  the  DNA 
occur  when  it  binds  SRY80.  They  are  mainly  characterized  by  modifications  in  the 
base  absorption  region  centered  around  280  nm.  It  is  tempting  to  attribute  these 
structural  changes  as  an  early  indication  of  the  DNA  bending  [7j. 


200  210  22C  230  240  250  nrr. 


Fig.  1.  CD  spectra  of:  a)  peptide,  and  b)  peptide  +  oligonucleotide  (the  contribution  of 
the  oligonucleotide  was  subtracted  and  Bis  the  eUipticity  per  amino  acid  residue). 


250  260  270  280  290  300  30  320  nm 


Fig.  2.  CD  spectra  of:  a)  oligonucleotide,  and  b)  oligonucleotide  +  peptide  (the  eUipticity 
&  is  given  per  base  pair). 
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Concerning  the  peptide  SRY80  itself,  examination  of  its  sequence  and  structure 
predictions  according  to  Gibrat  et  al.  [8]  suggest  the  existence  of  at  least  three  main 
structural  domains.  The  first  one,  located  at  the  N-terminus  (1-23)  is  predicted  to  be 
in  an  extended  form  which  could  account  for  the  minor  groove  binding.  The 
remainder  of  the  peptide  consists  of  two  a  helices  (18-23  and  40-65)  separated  by  an 
unordered  domain.  It  must  be  noticed  that  the  second  helix  contains  a  proline  residue 
in  its  middle  (position  51),  the  role  of  which  could  be  to  induce  a  bending  of  the 
helix  in  order  to  favor  the  wrapping  of  the  peptide  in  the  major  groove  of  the  DNA. 

Beside  its  DNA  binding  ability,  all  the  properties  reported  so  far  for  the  full 
length  protein  are  restricted  to  the  synthetic  peptide  SRY80.  The  best  illustration  is 
found  in  the  fact  that,  when  microinjected  into  human  fibriblast  cells,  the  peptide  can 
translocate  to  the  nucleus  while  the  shortened  analogue  does  not.  This  suggests  that 
the  N-terminus  of  SRY80  contains  a  potential  nuclear  localization  signal  (NLS). 

In  conclusion,  we  have  shown  that  a  synthetic  peptide  with  a  sequence  restricted 
to  80  residues  can  display  most,  if  not  all,  properties  of  the  full  length  (204  residues) 
protein.  Such  a  strategy  based  on  the  use  of  synthetic  peptides  with  reduced  sequence 
may  provide  tools  and  open  a  way  to  get  a  better  understanding  of  some  biological 
functions  mainly  in  the  field  of  gene  regulation. 
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Introduction 

Tissue  kallikrein  (EC  3.4.r*  "*5)  is  a  serine  protease  which  releases  lysyl- 
bradykinin  (kallidin)  firor  'man  low  molecular  weight  kininogen  under  physiologic 
conditions  [1].  The  inv  Ration  of  the  exact  role  of  this  enzyme  requires  the 
development  of  specific  inn  bitors  which  can  be  used  in  vivo.  Protease  inhibitors 
such  as  aprotinin,  benzamidine  and  the  pepddyl  chloromethyl  ketones  inhibit  many 
proteases  in  addition  to  tissue  kallikrein.  The  substrate  analogue  inhibitors  however, 
appear  to  be  reasonably  specific  for  tissue  kallikrein  [2].  To  determine  which 
residues  in  this  sequence  are  responsible  for  this  specificity,  the  21  possible 
sequences  occurring  within  the  heptapeptide  SPFFR-lSVQ,  which  surrounds  the  C- 
terminal  cleavage  site  of  bovine  kininogen,  were  tested  for  binding  to  various 
trypsin-like  proteases.  This  allowed  the  energy  of  interaction  of  the  individual  amino 
add  residues  of  the  kininogen  sequence  with  various  serine  proteases  to  be  determined 
[2]. 

Results  and  Discussion 

The  21  acetyl-peptidy  1-amides  occurring  between  Ser386  and  Gin392  of  bovine 
kininogen  were  synthesized  and  their  ability  to  inhibit  various  human  serine  protease 
determined  using  a  Biomek  1000  automated  laboratory  workstation  as  described 
previously  [5].  The  free  energy  of  binding  (AG)  was  calculated  by  using  the  equation 
AG=RT  In  Kj  (Table  1).  The  standard  deviation  for  values  listed  in  Table  1  is  ±70 
cal/mol. 

The  peptides  show  similar  binding  constants  for  both  tissue  kallikreins  (0-PPK 
and  HUK)  but  bind  more  weakly  to  HPK  and  plasmin.  Thrombin  is  poorly  inhibited 
and  urokinase  does  not  interact  with  kininogen  analogues  (data  not  shown).  The 
individual  contribution  of  each  residue  to  the  total  binding  energy  (AAG)  appears  to 
be  additive  for  the  different  enzymes.  The  combined  binding  energy  for  P2  and  P, 
residues  is  similar  (-4  kcal/mol)  for  the  trypsin-like  enzymes  (except  urokinase). 
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Table  1  Individual  energetic  contribution  of  each  amino  acid  in  the  kininogen 
sequence 


Subsite  Residue 

AAG  (cal/mol) 

Enzyme 

-► 

BPPK 

HUK 

HPK 

PL 

P4 

Ser 

-440 

-440 

-770 

•440 

P3 

Pro 

-180 

-200 

+290 

+540 

P2 

Phe 

-850 

-660 

ND 

-630 

P, 

Arg 

-2350 

-3090 

ND 

-3450 

P,. 

Ser 

-1440 

-1060 

-1350 

-130 

P2 

Val 

-400 

-70 

-170 

+410 

P3 

Gin 

-260 

-140 

-170 

-40 

TOTAL: 

-5920 

-5660 

-4330 

-3740 

pPPK,  porcine  tissue  kallikrein;  HUK,  human  tissue  kallikrein;  HPK,  human  plasma 
kallikrein;  PL,  plasmin;  ND,  individual  values  are  not  separable.  MG  for  the  combined 
P2  and  P,  residues  is  -2160  cal/mol. 


In  addition,  the  affinity  for  the  tissue  kallikreins  is  enhanced  by  contributions  of 
the  P3  and  P2'  residues.  For  the  other  enzymes  tested  the  binding  energy  is 
diminished  by  unfavorable  interactions  at  these  subsites.  This  difference  is  reflected 
in  the  tighter  binding  (10  to  50-fold)  of  the  kininogen  sequence  to  P-PPK  and  HUK 
when  compared  with  the  other  serine  proteases.  The  binding  patterns  observed  with 
the  kininogen  analogues  suggest  that  the  most  important  residues  for  modifications 
aimed  at  enhancing  the  specificity  of  the  inhibitors  for  tissue  kallikrein  should  be  P3 
and  P2'.  This  approach,  combined  with  molecular  modelling  studies  could  be  a 
rational  basis  to  design  a  selective  inhibitor  of  tissue  kallikrein  and,  in  a  second  step, 
convert  this  into  a  highly  efficient  drug  structure. 
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Introduction 

The  C-terminal  region  of  growth-factor  receptors  (GFRs)  is  thought  to  be  key 
to  the  transduction  of  signal  from  these  receptors  [for  review  see  ref.  1].  Following 
ligand  binding,  the  inherent  kinase  activity  of  the  receptor  is  activated  and 
phosphorylation  of  several  C-terminal  tyrosine  residues  may  occur.  Intracellular 
substrates  for  the  activated  GFR  are  sequestered  by  binding  to  these  phosphotyrosine 
residues  via  their  SH2  domains.  This  presumably  brings  the  substrate  into 
proximity  with  the  kinase  domain  of  the  receptor,  leading  to  phosphorylation  and 
activation  of  the  substrate.  The  ensuing  cascade  of  enzyme  activity  ultimately  results 
in  rritc  enic  or  differentiative  effects  on  the  cell.  The  action  of  intracellular 
phosphatases  reverses  these  effects.  Specificity  in  these  pathways  is  thought  to  be 
the  result  of  the  precise  sequence  of  amino  acid  residues  in  which  the 
phosphotyrosine  is  embedded.  Consensus  patterns  for  SH2  binding  [2],  PTPase  [3] 
or  kinase  [4]  substrate  potential  have  been  noted,  but  no  peptide  series  has  been  used 
to  directly  compare  the  relative  specificity  of  these  interactions.  We  have  Ala-scanned 
a  region  of  the  EGF  receptor  (EGFR)  which  has  been  previously  identified  as  being 
of  key  importance  for  binding  of  phospholipase  Cy  (PLCy)  [5]  and  subjected  the 
resulting  series  of  analogs  to  analysis  in  the  three  assays. 

Resalts  and  Discussion 

Tyr-phosphorylated  peptides  were  prepared  as  described  earlier  [6]  with  minor 
modifications.  Briefly,  peptides  were  assembled  by  standard  Fmoc  strategies,  with 
the  exception  that  Tyr  was  not  side-chain  protected.  On-resin  phosphorylation  was 
carried  out  when  required  with  N,N-diethyl-di-'butylphosphoramidite/tetrazole/THF, 
followed  by  tBu02H/  CH2Cl2  and  cleavage  with  95%  aq.  TFA.  Peptides  were  purified 
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Table  1  Binding  afTyr-phosphorylated  peptides  to  PLCyNC  SH2  [10],  and  kinetics 
of  PTP1 -catalyzed  dephosphorylation  [3] 


PLCy  NC  SH2  PTP1  Ptosphalaiw 


EGFR 

Ala-scan 

ICso 

(pM) 

K» 

(PM) 

107xkc-(/Kin 
(s')  (M's1) 

IA 

DADEpYLIPQQG 

20 

2.63 

75.7 

2.88 

HA 

AADEpYUPQQG 

7.8 

4.94 

74.2 

1.50 

fflA 

DAAEpYUPQQG 

300 

5.65 

65.8 

1.16 

IVA 

DADApYLIPQQG 

17 

12.4 

54.8 

0.442 

VA 

DADEpYAIPQQG 

18 

4.05 

57.8 

1.43 

VIA 

DADEpYLAPQQG 

>1000 

4.39 

73.8 

1.68 

VHA 

DADEpYLIAQQG 

>1000 

5.78 

73.4 

1.27 

vmA 

DADEpYUPAQG 

22 

3.46 

79.9 

2.31 

KA 

DADEpYLIPQAG 

8.2 

3.88 

53.4 

1.38 

XA 

DADEpYUPQQA 

13 

2.38 

61.4 

2.58 

Table  2  Kinetics  constants  for  EGFR-ldnase-catalyzed  Tyr-phosphorylation  [9] 


EGFR988_998 

Ala- scan 

Km 

(pM) 

kct 

(S'1) 

107xkcl/KIIl 

(MV1) 

IB 

DADEYLJPQQG 

25.6 

18.5 

0.72 

BB 

AADEYUPQQG 

51.2 

16.0 

0.31 

IDB 

daaeyupqqg 

10.0 

21.6 

2.19 

IVB 

DADAYLIPQQG 

40.5 

17.6 

0.44 

VB 

dadeyaipqqg 

99.7 

9.4 

0.09 

VIB 

DADEYI^APQQG 

55.8 

19.4 

0.35 

VEB 

DADEYUAQQG 

30.0 

3.3 

0.11 

vmB 

DADEYUPAQG 

16.5 

25.9 

1.57 

KB 

DADEYLIPQAG 

28.7 

25.4 

0.89 

by  reversed-phase  HPLC,  and  the  integrity  and  homogeneity  confirmed  by  analytical 
HPLC,  'H  and  3IP  NMR,  amino  acid  analysis,  and  electrospray  mass  spectrometry. 

Table  1  shows  the  effect  of  single  Ala  substitution  on  the  ability  of  a  Tyr- 
phosphorylated  EGFR  fragment  to  block  the  association  of  the  activated  EGFR  with 
a  protein  construct  containing  both  SH2  domains  of  PLCy.  Ala  is  well  tolerated  in 
most  positions,  but  substitution  of  Asp990,  and,  particularly  Leu994  and  Pro993  is 
deleterious.  This  effect  is  presumed  to  be  the  result  of  reduced  binding  to  the  SH2 
construct  Hydrophobic  residues  C-terminal  to  the  pTyr  residue  have  been  shown  to 
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be  of  general  importance  in  SH2/peptide  interactions  [2,  7],  but  the  importance  of 
Asp990,  or  indeed  any  residue  N-terminal  to  pTyT  has  not  previously  been  noted. 
Table  1  also  shows  the  kinetic  constants  for  the  dephosphorylation  of  analogs  IA-XA 
catalyzed  by  the  mammalian  cytoplasmic  phosphatase  PITP1  [8].  Ala-substitution 
generally  results  in  smaller  effects  on  PTP1  substrate  specificity  than  it  did  on  PLCy 
binding.  The  major  effect  arose  on  replacement  of  Glu991  by  Ala,  reducing  the 
turnover  of  the  resulting  peptide  [IVB]  by  almost  10-fold  relative  to  the  native 
sequence  [IA].  EGFR-kinase -catalyzed  phosphorylation  [9]  of  analogs  IB-IXB  (Table 
2)  again  shows  relatively  low  specificity  in  comparison  to  PLCy-binding.  Leu993 
and  Pro"5-substitution  resulted  in  lower  turnover  but  Asp990  replacement  increased 
turnover  by  a  factor  of  three. 

In  each  of  these  assays  we  have  attempted  to  study  protein-protein  interactions 
by  analyzing  peptide-protein  relationships.  Clearly  these  studies  offer  merely  a 
simple  set  of  models  for  the  complex  processes  involved  in  signal  transduction  from 
the  EGF  receptor.  Nevertheless,  our  data  generally  supports  the  hypothesis  that 
specificity  in  signal  transduction  results  from  the  primary  structure  surrounding 
phosphorylated  Tyr  residues,  and  that  the  binding  of  SH2  domains  may  have  a 
particularly  important  role  in  molecular  recognition  and  GFR-mediated  signal 
transduction. 
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Introduction 

Calcium  induced  muscle  contraction  requires  the  regulatory  protein  complex 
consisting  of  troponin  and  tropomyosin  (TM)  [1].  Previous  investigations  have 
demonstrated  that  Tnl  binds  to  actin-tropomyosin  and  inhibits  the  actomyosin 
ATPase.  The  Tnl  inhibition  of  the  actomyosin  ATPase  is  neutralized  when  calcium- 
saturated  TnC  forms  a  complex  with  Tnl. 

Talbot  and  Hodges  [2,  3]  have  demonstrated  that  Tnl  residues  104-1 15  (Ip) 
comprise  the  minimum  sequence  necessary  for  the  inhibition  of  actomyosin  ATPase. 
This  synthetic  peptide  mimicked  Tnl  by  possessing  tropomyosin  specificity  [2]  and 
TnC  binding  capabilities  [4, 5],  which  resulted  in  neutralizing  the  Ip  induced  acto-Sl- 
TM  ATPase  inhibition  [6].  It  has  been  concluded  that  the  Ca2+-dependent  switch 
between  muscle  contraction  and  relaxation  involves  a  switch  of  the  Tnl  inhibitory 
region  between  actin-TM  and  TnC  17). 

In  the  present  study,  a  photoactivatable  radioactive  Tnl  peptide  (BB-Ip)  was 
synthesized  with  a  benzoylbenzoyl  moiety  located  at  the  N-terminus  by  solid-phase 
methodology.  This  peptide  retained  native  biological  activity  and  was  used  to  probe 
the  important  interactions  between  TnC  and  the  Tnl  inhibitory  region.  Based  on  our 
findings  and  previous  crosslinking  results  together  with  the  X-ray  crystallographic 
structure  of  TnC  (8)  and  the  knowledge  of  the  stricture  of  Ip  when  bound  to  skeletal 
troponin  C  [9-1 1],  we  are  able  to  compute  a  three  dimensional  structure  of  the  TnC- 
Ip  complex  to  demonstrate  the  corresponding  interactions  found  within  the  TnC-Ip 
complex. 

Results  and  Discussion 

Our  results  indicated  that  the  ciosslinking  of  the  BBIp  to  TnC  was  very  specific 
in  either  Mg2+-  or  Ca2+-buffer  since  only  a  single  cross-linked  TnC  fragment 
(residues  154-139)  was  detected  (Figure  1).  This  gives  us  a  valuable  constraint  m 
computing  a  regio-specific  three  dimensional  structure  of  the  TnC-Ip  complex.  The 
resulting  structure  demonstrated  that  Cys-98  of  TnC  is  in  close  proximity  to  the  Ip 
peptide.  It  has  been  shown  that  Cys-98  can  be  crosslinked  to  the  Tnl  inhibitory 
region  [12-15].  Also  Phe-105  and  Phe-154  of  TnC  (located  in  the  hydrophobic 
groove)  are  participating  in  the  binding  (Figure  2).  This  is  in  agreement  with  the 
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observation  from  fluorescence  studies  using  recombinant  TnC  (where  either  Phe-105 
or  Phe-154  was  replaced  by  Trp),  and  the  two  TnC-domains  (C-domain  where  Phe- 
105  was  replaced  by  Trp,  N-domain  where  Phe-29  was  replaced  by  Trp)  that  the 
preferred  binding  site  for  the  Ip  is  located  in  C-terminal  domain  of  TnC  [16], 
Crosslinking  results  by  Kobayashi  et  al.  [17]  indicated  that  TnC  in  which  Ala-57 
was  replaced  by  Cys  and  then  modified  with  4-maleimidobenzophenone  can  be 
crosslinked  to  native  Tnl  in  the  region  1 13-121.  With  reference  to  our  model  of  the 
TnC-Ip  structure,  we  can  visualize  that  if  the  Ip  sequence  was  extended  to  include 
residues  1 16-121  and  the  N-domain  of  TnC  is  brought  into  close  proximity  to  the  C- 
domain,  residue  57  of  TnC  would  be  situated  to  allow  crosslinking  to  the  inhibitory 
region  of  Tnl. 
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Fig.  I.  Summary  for  characterization  of  the  TnC-BBIp  complex  (left  side).  (Results  are 
similar  in  either  the  presence  or  absence  of  calcium). 


Fig.  2.  Interactions  within  the  TnC-Ip  Complex  (right  side).  Sequence  of  Tnl  inhibitory 
peptide  residues  104-115  (Ip)  and  its  interactions  with  TnC  are  shown  above  and  below  the 
Ip  sequence;  solid  lines  denote  hydrophobic  interactions  whereas  broken  lines  denote 
electrostatic  interactions.  Assignments  of  the  corresponding  interactions  are  based  on  a 
docked  and  energy  minimized  three  dimensional  TnC-lp  structure. 
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Wang  et  al.  [18]  demonstrated  that  binding  of  metal  cations  to  the  C-domain 
(sites  m  and  IV)  of  a  mutant  TnC  altered  the  environment  around  the  amino  acid  at 
position  57  in  the  N-terminal  domain  (sites  I  and  II).  Grabarek  et  al.  [19]  and 
Rosenfeld  and  Taylor  [20]  showed  that  the  binding  of  Ca2+  to  the  N-domain  (sites  1 
and  II)  altered  the  environment  around  Cys  98  in  the  C-terminal  domain.  These 
findings  indicated  that  the  N  and  C-terminal  domains  of  TnC  are  communicating  with 
each  other  upon  the  binding  of  Ca2+  or  Mg2+.  We  have  demonstrated  that  the  N- 
terminal  Tnl  peptide  (residues  l-40)/Rp  when  bound  to  TnC  prevents  Ip  from 
interacting  with  TnC  [21],  Recently  we  have  shown  that  it  is  the  C-terminal  domain 
of  TnC  that  strongly  interacts  with  the  Tnl  N-terminal  peptide  [22].  The  switching 
between  the  Tnl  peptides  (Rp  and  Ip)  within  the  hydrophobic  groove  of  TnC  C- 
domain  reveals  that  Rp  is  a  negative  effector  of  the  regulatory  process.  Therefore, 
there  must  be  a  modulating  event  which  governs  the  release  of  the  Tnl  inhibitory 
(Ip)  region  from  TnC  by  the  Rp  region  of  Tnl. 

Crosslinking  studies  combined  with  computer  simulations  have  proposed  a 
three-dimensional  structure  of  the  TnC-Ip  complex.  Though  the  N-domain  of  TnC 
contains  the  Ca2+-  regulatory  sites  that  control  muscle  contraction,  the  two  most 
important  biologically  active  regions  of  Tnl  (Ip  and  Rp)  bind  to  the  C-domain.  This 
raises  the  question  of  how  these  interactions  transmit  to  the  N-domain  of  TnC. 
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Introduction 

The  active  sites  of  thioredoxin-type  oxidoreductases  are  contained  within 
characteristic  Cys-X-Y-Cys  segments.  Their  redox  potentials  reflect  the  propensity 
of  the  bis-cysteinyl-sequence  portion  for  disulfide  loop  formation.  As  the  main-chain 
conformation  of  the  active  site  loop  of  these  proteins  is  surprisingly  similar  [1]  and 
only  minor  changes  ate  observed  between  the  oxidized  and  reduced  state,  the  more  or 
less  relaxed  conformation  of  the  disulfide  bridge  should  define  the  redox  properties. 
In  order  to  assess  the  influence  of  the  protein  packing  interactions  and  of  the 
sequence-dependent  intrinsic  free  energy  of  formation  of  the  disulfide  loops  on  the 
redox  potentials,  the  active  site  fragments  31-38,  10-17,  134-141  and  34-41  of 
thioredoxin  (trx),  glutaredoxin  (grx),  thioredoxin  reductase  (trr)  and  PDI  were 
synthesized  [2]. 

Results  and  Discussion 

The  bis-cysteinyl-octapeptides  Ac-Trp-Cys-Gly-Pro-Cys-Lys-His-Ile-NHj  (trx- 
His37-[31-38],  Ac-Gly-Cys-Pro-Tyr-Cys'Val-Arg-Ala-NH2  (grx-[10-17]),  Ac-Ala- 
Cys-AIa-Thr-Cys-Asp-Gly-Phe-NH2  (trr-[134-141]  and  Ac-Trp-Cys-Gly-His-Cys- 
I.ys-Ala-Leu-NHj  (PDI-[34-41J)  differ  remarkably  in  their  tendency  for  intramolecular 
cyclization  by  air  oxidation,  whereby  shielding  of  side-chain  charged  groups  (addition 
of  Gu  HC1)  and  particularly,  favoring  ordered  structures  (addition  of  TFE)  is 
remarkably  shifting  the  product  distribution  towards  monomeric  cyclic  structures 
(Table  1).  The  CD  of  the  reduced  peptides  is  strongly  affected  by  contributions  from 
the  aromatic  chromophores  and  therefore  difficult  to  interpret.  Nevertheless,  the  rank 
order  observed  in  the  cyclization  experiments  seems  to  agree  with  the  preference  of 
the  peptides  for  ordered  conformations  both  in  water  and  water/TFE  mixtures,  except 
for  grx-[10-17]  which  apparently  is  the  most  folded  in  both  solvents.  The  rank  order 
of  Table  1  agrees  fairly  well  with  the  redox  potentials  of  the  enzymes,  i.e.  PDI 
(-0.11)>grx(-0.23)>trr(-0.25)>trx(-0.27);  however,  the  redox  potentials  of  the 
peptides  determined  in  glutathione  redox  buffer  [3]  are  not  in  line  with  those  of  the 
proteins.  This  would  suggest  that  the  inherent  redox  potentials  of  the  active  sites  are 
significantly  affected  in  the  folded  proteins  by  the  conformational  restraints  imposed 
locally  on  this  portion  of  the  molecule  in  the  oxidized  and  particularly,  in  the  reduced 
state.  To  analyze  this  aspect,  the  3D  structure  of  trr-(134-141]  was  resolved  by  NMR 
and  MD  simulations.  As  shown  in  Figure  1 ,  the  conformational  characteristics  of 
the  active  site  loop  of  this  class  of  proteins  is  fully  retained  in  the  excised  fragment 
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Table  1  Product  distribution  of  air  oxidation  experiments  in  various  solvents 


peptides 

(c -2.0- 10*14; 
20.0*0 

col  but: 

plmphste  buffer 
».  lit  pH  7.0t 

at  Gu-HCl 

to  cn-buf. 
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1:1  (y.v) 
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6  44 
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16  * 
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29  44 
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34  14 

66  44 

89  44 

11  H 

Fig.  1.  Comparison  of  A)  the  active  site  3D  structure  of  thioredoxin  (X-ray)  and 
B)  the  fragment  trr-(134-141  ]  (NMR). 


with  a  P-type  "turn  ID"  (3,0)  involving  Ala-Thr-Cys-Asp  and  with  an  S-S  torsion 
angle  of  -  83.3°  (>  +90°  in  the  proteins).  The  opposite  sign  of  this  torsion  angle  in 
the  trr-fraginent  as  well  as  the  preliminary  observation  that  in  grx-[10-17]  the  [i-type 
turn  is  shifted  to  the  N-terminus,  i.e.  to  Cys-Pro-Tyr-Cys,  suggest  a  stronger  effect 
of  the  interactions  in  the  folded  state  of  the  proteins  on  the  conformation  of  the 
"functional  domains”  than  expected  for  a  14-mem  bard  loop. 
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Introduction 

Type  C  retroviruses  typically  contain  two  copies  of  the  single  stranded  RNA 
genome  in  each  virion.  These  two  unspliced  RNA  molecules  are  linked  together  near 
their  5'  ends  by  the  dimer  linkage  structure.  The  HIV-1  nucleocapsid  (NC)  protein  p7 
(Figure  1  A),  which  contains  two  sets  of  a  Cys3Hisi  sequence  motif  and  binds  zinc  to 
form  a  unique  ordered  structure  [1],  mediates  dimerization  of  retroviral  RNA 
containing  the  encapsidation  sequence  Psi  and  annealing  of  tRNA  to  the  primer 
binding  site  [2-4],  Here,  we  report  that  NCp7  specifically  binds  to  and  dimerizes  a 
synthetic  RNA. 

Results  and  Discussion 

The  sequences  for  8  different  isolates  of  HIV- 1  were  aligned  and  ISO  nt  on  either 
side  of  the  Psi  region  were  chosen  for  RNA  secondary  structure  prediction.  The 
overwhelming  majority  of  the  predicted  structures  produced  a  pair  of  stems  and  loops 
separated  by  single  stranded  linker  (Figure  IB).  Stem- Loop  1  contains  an  unpaired  A 
and  the  S'  major  splice  junction  which  is  found  within  the  GGUG  loop  sequence. 
This  stem-loop  is  followed  by  9  to  13  nt  which  are  palindromic;  2  to  5  adenine 
nucleotides  are  followed  by  a  run  of  4  to  6  uracil  nucleotides.  The  second  stem-loop 
is  shorter  than  the  first  and  has  the  loop  sequence  GGAG.  The  second  loop  ends  20 
nt  S'  to  the  initiator  AUG  for  the  GAG-polyprotein.  RNase  probing  of  the  synthetic 
RNA  was  carried  out  with  either  RNase  I,  VI,  A,  or  Tl.  The  results  obtained 
support  die  presence  of  a  stem  and  loop  structure  as  predicted. 

As  shown  in  Figure  1C,  p7(l-55)  binds  specifically  to  the  44-mer  RNA  with 
high  affinity  in  presence  of  zinc  ions,  yielding  two  complexes,  Cl  and  C2.  Use  of 
radioactive  65Zn  showed  that  both  complexes  contained  metal  ion,  confirming  the 
presence  of  peptide  in  both  and  proving  that  they  we  not  just  conformers  of  RNA. 
Analytical  ultracentrifugation  experiments  indicate  that  C2  complex  is  comprised  of 
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two  RNA  molecules  and  one  peptide.  Gel  shifts  performed  using  a  shorter  fragment 
of  NCp7  (position  13-51)  containing  both  zinc  binding  motifs,  showed  no  formation 
of  the  C2  complex,  while  the  Cl  band  was  apparent  only  at  high  concentration  of 
peptide.  Further,  neither  an  N-terminal  fragment  of  NCp7  (position  1-14)  nor  a 
different  HIV-1  protein,  p6,  elicited  complex  formation;  addition  of  zinc  ion  alone  did 
not  yield  any  complexes.  These  results  suggest  that  Cl  and  C2  complex  formation 
requires  the  N-terminal  55  residues  of  NCp7  in  the  presence  of  zinc.  Mutations  of 
Loop  1  or  Stem  1  abolished  the  formation  of  the  C2  complex.  No  striking  changes 
were  found  with  mutations  introduced  into  Loop  2,  Stem  2  or  linker.  These  data 
show  that  the  predicted  stem  and  loop  structure  of  Stem-Loop  1  plays  a  critical  role 
in  the  formation  of  the  NCp7  complex  whereas  Stem-Loop  2  is  dispensable. 
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Fig.  I.  (A)  p7(I-55).  (B)  Computer-predicted  structure  of  44-mer.  (C)  Gel  mobility-shift 
assay  of  44-mer  RNA  with  p7(I-55). 

Our  results  show  that  NCp7  binds  to  a  unique  RNA  structure  within  the  Psi 
region;  in  addition,  this  structure  is  necessary  for  RNA  dimerization.  We  propose 
that  NCp7  binds  to  the  RNA  via  a  direct  interaction  of  one  zinc  binding  motif  to 
Stem-Loop  1  followed  by  binding  of  the  other  zinc  binding  motif  to  the  second  RNA 
molecule,  forming  a  bridge  between  the  two  RNAs. 
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Introduction 

Src  homology  2  (SH2)  domains  are  modular  phosphotyrosine  binding  pockets 
found  within  a  wide  variety  of  cytoplasmic  signaling  molecules  [1],  We  have  shown 
previously  that  isolated  SH2  domains  retain  specificity  in  binding  to 
phosph  ope  prides  corresponding  to  appropriate  motifs  surrounding  phosphorylated 
tyrosines  in  growth  factor  receptors,  their  substrates,  and  viral  transforming  proteins 
[2-6].  Moreover,  specific  phosphopeptide  binding  to  SH2  domains  can  modulate 
enzymatic  activity  with  concomitant  changes  in  SH2  domain  structure  [7].  We  have 
developed  a  new  approach  to  analyzing  protein-protein  interfaces,  termed 
photoaffinity  scanning,  mid  applied  this  method  to  better  understand  phosphoprotein/ 
SH2  domain  interactions.  Each  residue  except  phosphotyrosine  (pY)  within  a  tight- 
binding,  IRS-1  derived  phosphopeptide  sequence  (GNGDpYMPMSPKS)  was 
substituted  with  the  photoictive  amino  acid,  benzoylphenylalanine  (Bpa)  [8,  9],  In 
addition  to  the  effects  on  binding  affinity,  photolysis  of  Bpa-phosphopepride/SH2 
domain  complexes  led  to  highly  efficient  cross-linking.  Sites  of  SH2  domain  cross- 
linking  were  readily  identified  by  standard  methods  and  found  to  map  appropriate 
regions  of  the  phosphopepride/SH2  domain  interface  [10]. 

Results  and  Discussion 

Bpa-substituted  phosphopeptides  were  prepared  following  an  Fmoc/tBu-based 
synthetic  strategy,  using  Fmoc-Bpa  and  Fmoc-Tyr(0(P(OCH3)2))  [2,  3,  10].  The  N- 
terminal  SH2  domain  of  phosphatidylinositol  (PI)  3-kinase  p85  was  expressed  in  E. 
coli  as  a  glutathione  S-transferase  (GST)  fusion  protein  [4, 7,  10].  Relative  affinities 
between  the  Bpa-substituted  phosphopeptides  and  the  purified  SH2  domain  were 
assessed  by  competition  binding  assay  [2,  3,  10].  Substitutions  at  -4,  -3,  -2,  -1,  + 2 , 
44  and  +5,  with  respect  to  pY,  had  little  effect  on  binding  affinity.  In  contrast,  Bpa- 
substitution  of  Met  at  the  pY+1  and  pY+3  positions  reduced  binding  affinity  30-  to 
100-fold.  These  findings  confirm  the  importance  of  Met  residues  within  the  YMXM 
or  YVXM  recognition  motif  of  P1 3-kinase  [3]. 

For  cross-linking  studies,  the  SH2  domain  and  GST  portions  of  the  expressed 
fusion  protein  were  separated  by  proteolysis  and  the  SH2  domain  was  purified  by 
HPLC.  Each  Bpa-substituted  phosphopeptide  was  incubated  with  the  intact  p85  SH2 
domain  under  saturating  conditions  and  irradiated  at  330  nm.  Cross-linked  SH2 
domains  were  retarded  during  SDS-PAGE,  presumably  due  to  addition  of  both  mass 
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and  negative  charge,  and  thus  readily  separated  from  the  corresponding  uncross-linked 
domain  (Figure  1).  Cross-linking  efficiency  was  high,  greater  than  50%,  for  Bpa 
substitutions  at  pY-1,  pY+1  and  pY+4  positions,  and  these  analogues  were  used  for 
mapping  studies.  Larger  amounts  of  cross-linked  SH2  domains  were  isolated  and 
proteolytically  and/or  chemically  fragmented.  Small  cross-linked  fragments  and 
cross-link  sites  were  identified  by  microsequencing,  amino  acid  analysis  and 
electrospray  mass  spectrometry,  The  Bpa-1  peptide  cross-linked  within  a  tryptic 
fragment  of  the  SH2  domain  corresponding  to  PI  3-ldnase  p85  residues  341-346  [1 11, 
whereas  both  Bpa+1  and  Bpa+4  peptides  cross-linked  within  a  fragment 
corresponding  to  p85  residues  410-419. 


Light 


Peptide 


Fig.  I.  SDS-PACE  Separation  of  SH2  domain  preparations  following  cross-linking  with 
Bpa-substituted  phosphopeptides.  Cross-linking  the  SH 2  domain  results  in  a  shift  in 
apparent  molecular  weight.  High  efficiency  cross-linking  (>50%)  was  observed  with 
Bpa-1,  Bpa+I  and  Bpa+4  phosphopeptides. 

Recent  structural  studies  [12-14]  allow  further  interpretation  of  these  findings. 
The  solution  structure  of  the  N-terminal  p85  SH2  domain  in  the  absence  of  bound 
peptide  has  been  determined  [12].  Bpa-1  cross-links  a  position  within  a-helix  A, 
whereas  Bpa+1  and  Bpa+4  cross-link  the  disordered  loop  C-terminal  to  a-helix  B 
(Figure  2).  These  results  indicate  that  in  the  complex  the  phosphopeptide  sits  across 
the  SH2  domain  horn  a-helix  A  to  the  loop  following  a-helix  B;  peptide  residues 
important  for  specificity  (+1  to  +4)  interact  with  the  disordered  loop.  Recently 
solved  crystallographic  structures  of  high-affinity  phosphopeptide  complexes  with 
Lck  and  Src  SH2  domains  [13,  14]  allow  us  to  test  the  accuracy  of  these 
assignments.  In  both  structures  pY-1  and  pY  interact  with  helix  A.  The  side  chain  of 
pY+3  makes  extensive  contacts  with  two  loops,  one  of  which  corresponds  to  the  p85 
cross-link  sites.  These  findings  suggest  that  phosphopeptides  bind  p85,  Src  and  Lck 
SH2  domains  in  similar  configurations  and  validate  the  photoaffinity  scan  method. 

In  conclusion,  photoaffinity  scanning  provides  a  new  method  for  analyzing 
interactive  protein  surfaces.  Bpa  can  be  incorporated  anywhere  into  a  peptide  or  small 
protein  by  chemical  synthesis.  The  general  approach  should  prove  useful  for  relating 
structure  and  function  at  many  protein-protein  interfaces. 
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Fig.  2.  Schematic  representation  of  the  p85  SH2  domain  [121.  Sites  of  cross-linking  and 

the  phosphate  binding  loop  are  shown. 
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Introduction 

Muscle  contraction  involves  the  regulation  of  the  interaction  between  actin  and 
myosin  by  the  regulatory  protein  complex,  tropomyosin-troponin  (TM-Tn).  The  Tn 
subunits  (Tnl,  TnT  and  TrtC)  interact  with  each  other  and  work  in  concert  with  actin- 
TM  to  produce  conformational  changes  which  alter  the  interaction  between  actin  and 
myosin,  ultimately  resulting  in  muscle  contraction. 

It  has  been  shown  that  the  synthetic  peptide,  actin  1-28,  mimics  the  interaction 
between  actin  and  its  two  target  proteins,  Tnl  and  myosin  [1,2].  Thus,  we  have 
proposed  that  residues  1-28  of  actin  are  part  of  the  molecular  switch  involved  in  the 
calcium-dependent  regulation  of  muscle.  In  the  absence  of  calcium,  actin  residues  1- 
28  interact  with  Tnl,  in  particular  residues  104-115,  which  promotes  muscle 
relaxation  by  preventing  actin  from  interacting  with  myosin.  In  contrast,  when 
calcium  binds  to  TnC,  residues  104-115  of  Tnl  bind  to  TnC.  This  allows  actin 
residues  1-28  to  interact  with  myosin.  This  in  turn  increases  the  myosin  ATPase 
activity,  resulting  in  muscle  contraction. 

In  this  report,  we  have  employed  two  types  of  synthetic  analogs  of  the  actin 
peptide  1-28  in  order  to  investigate  which  region(s)  of  actin,  as  well  as  which  amino 
acid  residues,  are  important  for  biological  activity.  The  first  set  of  analogs  had 
internal  sequences  either  truncated  or  replaced  with  a  poly-glycine  linker,  while  the 
second  set  consisted  of  single  alanine  substitutions  of  selected  amino  acid  residues. 

Results  and  Discussion 

The  relative  binding  affinities  of  the  actin  peptide  analogs  for  Tnl  were 
determined  using  high  performance  affinity  chromatography  using  a  column 
derivatized  with  skeletal  Tnl.  The  results  indicated  that  the  N-terminal  region  of 
actin  1-28  contains  the  dominate  site  of  interaction  with  Tnl  (Figure  1),  since  the 
actin  peptides  1-7  and  1-14  bound  Tnl  almost  as  well  as  actin  1-28  (82,  94  and  102 
mM  KC1  were  required  to  elute  the  peptides  from  the  column,  respectively). 
Residues  1-4  are  most  important  for  the  Tnl  interaction,  since  the  actin  1-28  analogs 
in  which  Ala  is  substituted  for  any  of  the  first  4  amino  acids  bound  less  tightly  to 
the  Tnl  column  than  actin  1-28  (requiring  between  62  and  66  mM  KC1  for  elution). 

On  the  other  hand,  the  N-  and  C-terminal  regions  of  actin  1-28  are  equally 
important  for  activation  of  the  myosin  ATPase  activity  (a  soluble  myosin  fragment 
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HMM  was  used)  (Figure  1).  First,  the  deletion  of  amino  acid  residues  from  either 
end  was  detrimental  to  the  ATPase  activity  (actin  peptide  4-28  and  1-24  activated  the 
ATPase  activity  compared  to  actin  1-28  by  64%).  Secondly,  two  non-overlapping 
peptides,  actin  1-14  and  18-28,  possessed  similar  activities  (SO  and  60%, 
respectively),  while  actin  8-20  possessed  minimal  activity  (11%).  Thirdly,  Ala 
substituted  for  any  single  amino  acid  within  the  sequence  1-6  or  21-28  dramatically 
decreased  the  ATPase  activity  (for  example,  D1A  actin  1-28  did  not  activate  the 
HMM  ATPase  activity,  while  D25A  actin  1-28  inhibited  the  ATPase  activity  by 
20%).  This  indicates  that  the  HMM-actin  1-28  interaction  is  less  able  to 
accommodate  changes  to  the  amino  acid  sequence  in  the  N-  and  C-terminal  regions 
than  the  interaction  between  actin  1-28  and  Tnl. 

In  addition,  the  length  and  composition  of  the  amino  acid  sequence  between  the 
N-  and  C-terminal  regions  of  actin  1-28  are  important  for  the  maximum  activation  of 
the  HMM  ATPase  activity,  since  a  mixture  of  actin  1-14  and  18-28  induced  the  same 
degree  of  activation  as  18-28  alone.  Residues  8-20  are  part  of  a  3-sheet  that  is  buried 
in  the  actin  molecule  [3]  and  hence  should  not  be  available  for  interaction  with 
HMM.  Based  on  computer  modeling,  4  Gly  residues  were  used  to  link  residues  1-7 
to  21-28.  This  analog  was  less  potent  than  either  actin  1-14  or  18-28,  requiring 
approximately  6  times  the  concentration  of  peptide  to  reach  the  same  level  of 
activation.  These  results  suggest  that  the  3-sheet  region,  residues  8-20  is  critical  for 
the  correct  positioning  of  the  N-  and  C-terminal  regions  of  actin  1-28.  The  binding 
of  actin  1-28  to  Tnl  or  myosin  depends  on  the  conformation  of  the  target  proteins 
and  on  the  ability  of  the  actin  residues  to  adapt  to  these  differences  in  conformation. 
Therefore,  one  can  envision  that  it  would  require  only  slight  conformational  changes 
in  the  N-terminal  region  of  actin  (residues  1-7)  in  order  to  cause  the  release  of  this 
region  of  actin  from  the  myosin.  This  would  promote  the  binding  of  this  region  of 
actin  to  Tnl.  The  sensitivity  of  the  myosin-actin  1-28  interaction  means  that  this 
region  of  actin  can  sense  and  respond  to  subtle  differences  in  conformation  of 
myosin.  This  may  represent  the  fine  tuning  of  the  molecular  switch  that  regulates 
muscle  contraction. 


Tnl 

t  t  t  t 

actin  1-28  Ac-D-E-D-E-T-T-A-L-V-A-D-N-G-S-G-L-V-K-A-G-F-A-G-I>D-A-P-R- 

NH2 

t  ttt  t  t  t  t  t  t  t 

Myosin 

Fig.  I.  Amino  acid  residues  of  actin  1-28  important  for  binding  and  biological  activity 
with  Tnl  (top)  and  myosin  HMM  (bottom),  t  indicates  essential  residues  that  if  changed  to 
Ala  eliminates  function,  and  t  indicates  less  critical  residues  that  when  changed  to  Ala 
substantially  reduce  binding  or  biological  activity. 
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Introduction 

The  high  molecular  weight  protein  caldesmon  (CaD)  is  a  component  of  the  thin 
filament  in  smooth  muscles.  It  consists  of  three  domains:  an  N-terminal  myosin¬ 
binding  domain,  an  extended  central  a-helical  domain  and  a  C-terminal  domain  which 
contains  the  primary  binding  sites  for  tropomyosin,  actin  and  calmodulin  (CaM).  The 
long  repeating  central  a-helix  gives  the  molecule  an  elongated  shape.  The  binding  of 
CaD  to  actin  inhibits  the  actin-activated  ATPase  activity,  this  inhibition  can  be 
reversed  in  a  Ca2+-dependent  manner  by  the  binding  of  Ca2+-CaM  to  CaD.  A  peptide 
corresponding  to  the  amino  acid  residues  Gly651  to  Ser667  of  chicken  gizzard  CaD 
has  been  identified  as  the  CaM  binding  domain  of  CaD;  this  peptide  binds  to  CaM  in 
a  Ca2+-de pendent  manner  with  a  Kj  of  =>1  pM  [1].  In  this  work,  we  have  studied  this 
17  residue  long  synthetic  CaM-binding  peptide  by  2D  proton  NMR  spectroscopy  in 
order  to  determine  the  structure  of  the  peptide  when  it  is  bound  to  CaM.  We  have 
also  studied  the  involvement  of  the  two  globular  domains  of  CaM  in  the  binding  of 
the  peptide  by  homo-  and  hetero-nuclear  2D  NMR  spectroscopy. 

Results  and  Discussion 

CaD  represents  a  somewhat  unique  target  of  CaM  because  its  interaction  with 
CaM  is  a  lot  weaker  than  that  observed  for  the  binding  of  CaM  to  other  target 
proteins.  The  CaM-binding  sites  on  the  various  target  proteins  of  CaM  always 
appear  to  be  contained  in  a  continuous  stretch  of  “20  amino  acid  residues.  Peptides 
encompassing  these  CaM-binding  domains  usually  bind  to  CaM  with  nanomolar 
affinities.  This  results  in  slow  exchange  on  the  NMR  time  scale  which  necessitates 
the  use  of  isotope  editing  NMR  methods  to  determine  the  structure  of  the  bound 
peptides  [2].  However,  by  taking  advantage  of  the  fact  that  the  CaD  peptide  has  a  K<j 
of  =1  pM,  it  is  possible  to  determine  its  CaM-bound  structure  by  using  the  transfer 
NOE  (TRNOE)  technique. 

The  free  peptide  in  H20  solution  shows  no  regular  secondary  structure  as 
indicated  by  standard  2D  NMR  spectroscopy.  The  interaction  of  the  peptide  with 
Ca2+-CaM  is  illustrated  in  Figure  1A:  the  free  peptide  in  H20  solution  shows  a 
highly  resolved  spectrum  (bottom  trace),  and  the  addition  of  Ca2+-CaM  (molar  ratio 
1/30)  leads  to  line  broadening  of  the  same  region  of  the  spectrum  (top  trace).  The  line 
broadening  is  due  to  fast  exchange  of  the  peptide  in  the  CaM-bound  form  with  the 
free  form.  When  fast  exchange  conditions  prevail,  it  is  possible  to  use  2D  TRNOE 
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Fig.  1.  (A)  Aromatic  region  of  the  one  dimensional  lH  NMR  spectrum  of  the  free  CaD 
peptide  (bottom  trace)  and  the  CaD  peptide  in  the  presence  of  Co?* -CaM  (top  trace).  The 
spectra  were  recorded  with  4  mM  peptide  samples  at  pH  6.5,  288  K  on  a  Broker  AMX500 
NMR  spectrometer.  (B)  Summary  of  the  nOe's  observed  for  the  CaD  peptide  in  the  TRNOE 
experiment.  The  thickness  of  the  lines  represents  the  intensity  of  the  nOe  crosspeaks. 
Open  boxes  are  drawn  for  nOe's  which  are  probably  present  but  they  cannot  be  observed 
due  to  resonance  overlap. 

NMR  to  study  the  structure  of  the  peptide  when  it  is  bound  to  Ca2+-CaM.  Figure  2A 
shows  the  sequential  assignment  of  the  peptide  obtained  in  the  presence  of  1/30  ratio 
of  Ca2+-CaM.  Under  these  conditions,  a  substantial  number  of  NN(i,  i+1)  nOe's  can 
be  observed  (Figure  2B).  Apart  from  these  NN(i,i+l)  nOe's,  a  number  of  medium 
range  ap(i,i+3)  and  aN(i,i+3)  nOe's  were  also  observed.  The  nOe  information 
obtained  for  the  peptide  through  the  TRNOE  experiment  is  summarized  in  Figure  IB. 
From  the  nOe  pattern,  it  can  be  deduced  that  the  peptide  can  adopt  an  a-helical 
structure  from  Asn4  to  Serl7  in  its  complex  with  CaM.  The  a-helix  formed  by  the 
peptide  has  similar  basic  amphiphilic  properties  as  found  for  CaM-binding  domains 
from  other  target  proteins.  However,  the  CaM-binding  domain  in  CaD  does  not  have 
the  two  characteristic  anchoring  hydrophobic  residues  13  residues  apart  that  are 
observed  for  other  CaM-binding  domains,  and  this  may  account  for  the  weaker  CaM- 
binding  of  CaD  as  compared  to  that  of  myosin  light  chain  kinase  [2]. 

Although  the  helical  region  of  the  CaD  peptide  in  the  CaM-bound  form  is 
shorter  than  most  other  strong  CaM-binding  peptides,  the  peptide  still  appears  to 
bind  to  both  domains  of  CaM;  this  could  be  deduced  from  titration  experiments  of 
CaM  with  the  peptide,  where  chemical  shift  changes  were  observed  for  amino  acid 
residues  from  both  domains  of  CaM  (data  not  shown).  The  titration  experiment  also 
indicates  that  the  17  residue  CaD  peptide  binds  to  CaM  with  1:1  stoichiometry. 
Using  Met  methyl  ,3C  labelled  CaM,  we  have  been  able  to  show  that  the  two 
hydrophobic  patches  in  CaM  are  involved  in  the  binding  of  the  peptide.  All  the  eight 
Met  residues  in  the  two  hydrophobic  patches  appear  to  be  in  contact  with  the  peptide, 
and  this  result  shows  the  importance  of  the  flexible  Met  residues  in  target-binding. 
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Fig.  2.  (A)  The  fingerprint  region  of  the  NOESY  spectrum  of  the  CaD  peptide  in  the 
presence  of  Ca2* -CaM.  The  sequential  assignment  is  indicated  for  the  interresidue 
aN(i,i+l)  nOe  crosspeaks.  The  mixing  time  of  the  experiment  was  250  ms.  The  spectrum 
was  recorded  for  a  4  mM  sample  at  pH  6.5,  288  K.  (B)  The  amide  region  of  the  same 
NOESY  spectrum  as  in  (A).  The  nOe  crosspeaks  are  labelled  by  their  residue  numbers. 

By  comparison  of  (‘H,I5N)-HMQC  NMR  spectra  of  uniformly  15N  labelled  CaM 
and  its  complex  with  the  CaD  peptide,  we  have  also  been  able  to  show  that  the 
backbone  amides  from  both  domains  of  CaM  undergo  chemical  shift  changes  upon 
complexation  of  the  peptide.  Moreover,  the  central  a-helix  of  CaM  also  undergoes  a 
conformational  change  when  CaM  binds  to  the  CaD  peptide.  These  data  suggest  that 
the  CaD  peptide  binds  in  a  similar  fashion  as  other  CaM-binding  domains,  but  that 
the  positioning  of  the  two  halves  of  CaM  with  respect  to  the  peptide  may  be 
different 
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Introduction 

We  have  used  a  12-residue  synthetic  peptide  mimic  of  Troponin  I  (Tnl),  Tnl 
peptide  104-115  (Ac-G-K-F-K-R-P-P-L-R-R-V-R-amide),  to  probe  the  molecular 
mechanism  for  Ca2+-dependent  regulation  of  muscle  contraction.  Previously,  using  a 
method  for  reversibly  extracting  Tnl  and  Troponin  C  (TnC)  from  skinned  cardiac 
muscle  fibers,  it  has  been  shown  that,  like  Tnl,  when  the  synthetic  Tnl  inhibitory 
peptide  (104-115)  was  reconstituted  with  skeletal  TnC,  force  development  was 
inhibited  and  in  the  presence  of  Ca2+  the  inhibition  was  released  [1].  This  result 
indicates  that  the  Tnl  peptide  is  able  to  mimic  Tnl  by  switching  binding  sites  from 
actin  to  TnC  in  the  presence  of  Ca2+.  Skinned  fibers  are  muscle  fibers  in  which  the 
cell  membrane  has  been  permeabilized.  This  permits  precise  control  of  the 
cytoplasmic  environment  and  allows  diffusion  of  peptides  into  the  intracellular 
compartment.  These  fibers  are  functional  in  terms  of  contractility  and  respond  to 
changes  in  Ca2+  concentrations  in  much  the  same  manner  as  living  muscle, 
contracting  and  relaxing  at  high  and  low  concentrations,  respectively.  In  skinned 
cardiac  muscle  fibers,  where  the  ^nl  peptides  compete  with  endogenous  Tnl,  the  Tnl 
peptide  inhibits  force  development  at  submaximal  Ca2+  concentrations  while  a 
peptide  analog,  in  which  Leu  1 1 1  has  been  replaced  by  Gly  (LI  1 1G),  stimulates  force 
development  [2].  In  this  report  we  use  Tnl-TnC  depleted  skinned  fibers  to  investigate 
further  the  importance  of  Leu  1 1 1  in  the  regulation  of  muscle  contraction. 

Results  and  Discussion 

The  single  amino  acid  change  from  Leu  to  Gly  at  position  111  of  the  Tnl 
inhibitory  peptide  decreases  the  effectiveness  of  the  peptide  as  an  inhibitor  (Figure  1 , 
panel  A),  indicating  Leu  1 1 1  is  important  for  the  interaction  of  Tnl  inhibitory  region 
with  actin-TM.  In  addition,  Pi  which  decreased  force  in  normal  skinned  fibers  and  the 
Tnl-TnC  extracted  fibers  [3],  also  affected  the  extent  of  the  LI  1 1G  analog  inhibition 
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(relaxation).  Therefore,  Pi  antagonizes  the  LI  1 1G  analog  inhibition,  suggesting  that 
both  Pi  and  Gly  111  analog  affect  actin-myosin  crossbridges  directly. 

The  Ca2+ -dependent  development  of  force  (contraction)  of  fibers  reconstituted 
with  the  LI  1 1G  analog-cardiac  TnC  was  shifted  with  respect  to  unextracted  cardiac 
fibers  and  native  Tnl  peptide-cardiac  TnC  reconstituted  fibers  (Figure  1,  panel  B). 
The  0.16  shift  in  pCay>  value  indicates  a  decrease  in  the  Ca2+  affinity  of  thin 
filament  when  reconstituted  with  cardiac  TnC  and  LI  1 1G  analog.  The  skeletal  TnC- 
L1 1 1G  analog  reconstituted  fibers  display  a  similar  0. 13  shift  in  the  Cay)  value  (data 
not  shown).  This  indicates  that  the  single  Leu  to  Gly  substitution  altos  the  way  in 
which  the  inhibitory  region  of  Tnl  affects  Ca2+-dependent  contractility  of  the  muscle 
fiber. 
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Fig.  1.  The  Pi  and  Ca2* -sensitivity  of  the  L1I1G  Tnl  peptide  analog  reconstituted  fibers. 
In  panel  A,  the  Tnl-TnC  depleted  skinned  cardiac  fibers  [1,  2]  were  incubated  in  relaxing 
solution  (-Ca2*)  containing  increasing  quantities  of  Tnl  peptide  (A  n=4)  or  L111G  analog 
(O,  n=3-5 )  in  the  presence  (open  symbols)  or  absence  (closed  symbols)  of  5  mM  Pi. 
Force  values  are  relative  to  the  force  reached  by  each  fiber  following  extraction.  The 
decrease  in  force  by  Pi  was  subtracted  from  the  data.  In  panel  B,  the  Ca2*  sensitivity  of 
the  muscle  fibers  prior  to  extraction  (0)  and  upon  reconstitution  with  L1IIG  analog- 
cardiac  TnC  (O.  n=4)  or  the  native  Tnl  peptide-cardiac  TnC  (A,  n=5)  is  shown. 
Reconstitution  was  achieved  by  incubating  die  extracted  fibers  with  cardiac  TnT  (30  ftM 
for  25  min)  followed  by  LI11G  Tnl  peptide  ( 250  ftM  for  200  min)  or  native  Tnl  peptide 
(143  ftM  for  50  min)  until  maximum  inhibition  was  reached.  There  is  little  or  no  Ca2* 
sensitivity  displayed  by  these  fibers  until  further  incubation  with  cardiac  TnC  (80-88  ftM 
for  30  min).  The  unbound  TnC  was  washed  from  the  fibers  prior  to  the  determination  of 
theforce/pCa  curve.  The  maximum  Ca2* -dependent  forces  compared  to  the  extracted  fibers 
of  the  native  Tnl  peptide  or  L111G  analog  reconstituted  fibers  were  83  ±8%  and  92  ±  10%, 
respectively. 
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Introduction 

Synthetic  peptide  combinatorial  libraries  (SPCLs)  in  a  variety  of  formats  have 
recently  been  presented  [1-15].  These  synthetic  approaches,  as  well  as  recombinant 
approaches,  are  revolutionizing  bask  research  and  (bug  discovery  involving  peptides. 
Such  libraries  have  been  successfully  used  to  study  antibody/antigen  interactions  [1- 
6];  to  develop  enzyme  inhibitors  [7,  15],  to  discover  novel  antimicrobials  [1, 2,  8, 9] 
and  peptides  that  are  potent  inhibitors  of  the  binding  of  opioid  and  other  peptides  to 
their  receptors  [2,  10-14].  We  describe  here  a  previously  unreported  series  of 
libraries,  termed  length  determination  libraries  (or  siring  libraries  for  short).  These 
libraries  enable  die  rapid  determination  of  the  length  of  the  most  effective  peptide  in  a 
given  assay. 

Remits  and  Discussion 

SPCLs  [1],  which  are  not  attached  to  an  insoluble  support  and  are  therefore 
available  in  solution,  produce  peptide  chemical  diversities  that  appear  to  be  usable  in 
virtually  any  existing  in  vitro  or  in  vivo  assay  system  without  prior  assay 
modification.  This  approach,  which  was  first  presented  by  this  laboratory  [1],  uses  a 
format  in  which  two  positions  of  a  hexapeptide  sequence  are  individually  defined  ("O" 
positions),  with  the  remaining  four  positions  made  up  of  mixtures  of  amino  acids 
("X"  positions). 

The  utility  of  the  divide,  couple  and  recombine  (DCR,  [1,16, 17])  approach  for 
the  preparation  of  SPCLs  begins  to  falter  above  a  length  of  four  mixture  positions 
when  using  the  20  most  commonly  occurring  amino  acids.  This  is  due  to  the  ever- 
increasing  amounts  of  resin  required  to  ensure  an  equal  statistical  distribution  of  beads 
during  the  "divide"  step.  This  approach  is  also  cumbersome  if  the  defined  positions 
are  not  located  at  the  N-terminal  of  the  peptides  being  prepared.  Therefore,  another 
strategy  was  developed  for  tile  preparation  of  peptide  resin  mixtures,  and  ultimately 
SPCLs.  In  this  alternative  approach,  mixtures  of  amino  acids  are  used  in  the 
coupling  step  diving  solid  phase  synthesis.  The  advantages  of  this  method  are  the 
ease  of  the  synthesis  process,  as  well  as  the  ability  to  prepare  libraries  which  have 
more  than  four  mixture  positions.  Furthermore,  the  defined  positions  need  not  be 
confined  to  the  N-terminal,  but  can  be  located  anywhere  within  the  sequence.  This 
synthetic  approach  was  used  in  the  preparation  of  positional  scanning  synthetic 
peptide  combinatorial  libraries  (PS-SPCLs;  [3]).  The  first  PS-SPCL  prepared 
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Fig.  1.  Varying  length  and  diversity  libraries.  The  libraries  vary  in  length  from  three 
residues  (Ac -OXX-NH2;  361  peptides  per  mixture )  to  eight  residues  (Ac-OXXXXXXX-NH2; 
893  x  1CP  peptides  per  mixture).  The  results  are  expressed  as  the  reciprocal  of  the  1C w  of 
3H2-DAGO  binding  to  crude  rat  brain  homogenates. 
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consisted  of  six  separate  L-libraries,  each  having  a  single  position  defined  and  the 
remaining  five  positions  as  mixtures  (Ac-O.XXXXX-NH,,  Ac-XOJCXXX-NH,,  Ac- 
XXOjXXX-NHj,  Ac-XXX04XX-NH2,  Ac-XXXXOsX-NH2,  and  Ac-XXXXX06- 
NH2;  120  separate  peptide  mixtures  in  total,  each  composed  of  approximately  1.9  x 
106  hexapeptides).  This  library,  and  its  non-acetylated  counterpart,  has  been  used  to 
determine  exact  peptide  sequences  recognized  by  antibodies  [3],  receptors  [3],  and 
enzymes  [IS]. 

Every  peptide-receptor  interaction  can  be  anticipated  to  be  associated  with  a 
specific  peptide  length  having  the  highest  binding  affinity  and/or  activity.  In  order  to 
determine  the  optimal  peptide  length  associated  with  any  peptide-receptor  system,  we 
have  prepared  six  libraries  made  up  of  N-acetylated  L-aiaino  acid  tri-  through 
hexapeptide  amides.  These  six  libraries  were  prepared  by  both  the  DCR  and  the 
"chemical"  mixture  approach.  These  libraries  were  screened  in  the  opioid  receptor 
assay  for  their  ability  to  inhibit  3H2-DAGO  binding.  Figure  1  shows  that  a  length 
of  at  least  six  residues  is  required  for  significant  inhibition  to  occur,  and  also  that 
arginine  at  the  N-terminal  position  results  in  the  most  effective  inhibition.  These 
results,  in  conjunction  with  an  acetylated  SPCL  [1 1],  were  used  to  determine  highly 
active  opioid  peptide  sequences  present  in  this  hexapeptide  library.  As  anticipated 
from  the  results  found  with  the  sizing  SPCL,  the  most  active  peptide  mixtures 
contained  an  arginine  in  the  first  position  of  the  acetylated  SPCL,  Ac-0,02XXXX- 
NH2  (Ac-RFXXXX-NH2,  Ac-RYXXXX-NH2,  and  Ac-RWXXXX-NH2).  Upon 
completion  of  the  iterative  process,  several  peptides  with  the  general  sequence  Ac- 
RFMWMO-NH2  were  found  to  be  potent  inhibitors  of  3H2-DAGO  binding  to  the  p. 
receptor.  The  three  peptides,  Ac-RFMWMT -NH2  (IC^  =  5nM),  Ac-RFMWMR- 
NH2  (ICjo  =  6nM),  and  Ac-RFMWMK-NH2  (ICjq  =  5nM),  were  also  found  to  be 
potent  p  antagonists  in  the  guinea  pig  ileum  bioassay,  and  relatively  weak 
antagonists  in  the  mouse  vas  deferens  bioassay.  These  peptides  represent  the  first 
instance  of  new  membrane-bound  receptor  ligands  being  discovered  through  the  use  of 
peptide  libraries.  The  rapid  development  of  new  libraries,  both  peptide  and  non¬ 
peptide,  is  expected  to  facilitate  all  areas  of  research,  as  well  as  pharmaceutical  drug 
discovery. 
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Introduction 

We  report  here  on  "Pilot"  (Peptide  Identification  &  Lead  Optimization 
Technique),  which  provides  spatial  array  of  molecules  assembled  using  conventional 
chemistry,  a  simple  apparatus,  and  a  sophisticated  thin  film  derivatized  support 
surface  which  provides  display  in  an  unhindered  near-aqueous  environment. 

Results  and  Discussion 

Initial  studies  for  lead  optimization  used  flat  polyethylene  plates  to  which 
Pepsyn  K  particles  were  attached  with  chemically  resistant  glues.  Alternatively, 
polyamide  materials,  as  gel  films,  were  covalently  grafted  onto  spacer-arm 
functionalized  polyethylene  surfaces  (provided  by  a  diamino-substituted  polyethylene 
glycol,  Jeffamine  ED-600,  Texaco,  as  in  Figure  1,  top  and  right).  A  simple  slotted 
block/gasket  apparatus  was  used,  with  both  candidates,  to  prepare  10  x  10  arrays 
displaying  different  alternatives  for  both  H  and  P  within  the  sequence  YGHPQGG 
(containing  the  HPQ  motif  known  to  bind  to  streptavidin).  Detection  with  ,25I- 
streptavidin  showed  no  significant  binding  to  any  area  other  than  that  representing  the 
parent  sequence;  this  binding  was  reversed  in  the  presence  of  the  natural  ligand,  (+)- 
biotin.  Parallel  experiments  using  cleavable  linkers  confirmed  that,  in  all  100 
peptides,  assembly  had  occurred  as  efficiently  as  (Ml  conventional  supports,  and  with 
no  cross-contamination.  Although  usable  as  such  for  lead  optimization,  neither 
support  was  ideal.  Dramatic  improvement  was  found  with  surfaces  to  which 
preformed  polymers  were  attached  as  ultra-thin  films.  The  optimal  method.  Figure  1 , 
employed  water-soluble  carbodiimide  (EDC)  coupling  of  carboxymethyl  dextran 
(Pharmacia  T500)  to  the  previously  functionalized  polyethylene  surfaces.  A  different 
system,  provided  by  the  Pharmacia  BIAcore  "chip",  can  be  used  for  evaluation  and 
testing  of  ligand/ligate  interactions.  Use  of  coarse  fritted  polyethylene  disks  (0.25" 
diameter,  0.125"  thick;  "tiddly-winks")  gave  50-100  nmol  loading,  allowed  high 
quality  peptide  synthesis,  efficient  absorption  of  radioactivity,  and  facile  and  rapid 
removal  of  unbound  counts  by  suction  washing.  Use  of  125I  labeling  with  Bolton- 
Hunter  reagent  provides  sensitive  and  simple  detection  by  autoradiography,  although 
regeneration  of  arrays  is  seldom  possible.  With  35S  and  l4C  labeling,  arrays  can  be 
recovered  and  reprobed  numerous  times  after  scintillation  counting  of  individual 
tiddly-winks  pushed  out  from  their  holding  plate. 
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Fig.  1.  Modification  of  Polyethylene  Surfaces  used  in  Pilot  experimentation. 


Fig.  2.  Probe  of  N- terminal  two  position  array  with  35 S  labeled-streptavidin:-  linear 
hexapeptide  Pilot  study. 
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Table  1  Conditions  for  equal  incorporation  ofFmoc-  Amino  acids  from  mixtures 


Fmoc-Derivative  and 
Molar  Ratio 

Fmoc-Derivative  and 
Molar  Ratio 

Fmoc-Derivative  and 
Molar  Ratio 

L-Nle* 

1.00 

L-Ala* 

0.79 

D-Nap* 

1.50 

L-Leu 

1.00 

L-Ser(tBu)* 

1.50 

L-TyrftBu)* 

1.70 

L-Val* 

1.60 

L-His(Trt)* 

2.10 

L-Phe* 

1.00 

Gly* 

0.60 

L-Gln(Trt)» 

2.20 

L-Asp(OtBu)» 

1.40 

D-Ala* 

0.79 

L-Pro* 

1.15 

L-Glu(OtBu)* 

1.20 

L-Lys(tBoc)* 

L-Asn(Trt) 

1.36 

2.45 

L-Arg(Pmc)* 

3.00 

L-Tbr(tBu) 

2.00 

Mixed  AA's  coupled  with  1.25  equiv.  HOBt  +  1.5  equiv.  PyBOP  and  1.5  equiv.  0.3  M  NMM 
in  DMF  after  10  min  pieactivation;  Nap  is  3-(2-naphthyl)-alanine,  1-naphthyl  derivative 
couples  similarly.  •Used  in  mixture  12. 


For  use  of  Pilot  as  a  general  library  method,  mixtures  of  Fmoc-amino  acids  are 
coupled  under  conditions  which  ensure  their  equal  incorporation  (Table  1).  Sixteen 
amino  acids  are  incorporated  in  standard  mixture  £2.  D-Amino  acids  couple  in 
similar  proportions  to  L-  derivatives.  Mixtures  may  be  incorporated  at  up  to  6 
positions  in  a  core  sequence,  and  "arrayed"  at  any  other  two  positions.  Individual 
winks  may  be  processed  with  conventional  synthesizers  to  provide  simulated  array 
components  ("pseudo"  arrays).  Study  of  non-arrayed  mixed  winks  in  the  presence  and 
absence  of  natural  ligand  indicates  whether  a  full  array  study  will  be  successful. 

A  strategy  of  using  arrays  and  sub-arrays  has  been  used  in  the  streptavidin- 
biotin  system.  Figure  2  shows  the  result  of  probing,  with  35S  labeled  streptavidin, 
an  8  x  8  array,  in  which  positions  1  and  2  of  a  linear  hexapeptide  were  arrayed  with  2 
amino  acid  mixtures,  and  the  other  4  positions  were  uniformly  mixed  with  mixture 
fl.  The  16  possible  combinations  from  the  4  main  areas  were  prepared,  by  multiple 
synthesis,  and  VY  was  identified  as  a  strong  candidate.  The  second  set  of  array  and 
sub-array  identified  VYGF  and  VYHP,  which  led  on  to  VYGFRQ  and  VYHPQF, 
with  numerous  other  weaker  answers.  Comparison  on  Pilot  surfaces,  and  by  BIAcore 
studies,  showed  the  former  to  be  a  weak  and  slow  binding  species.  The  concept  that 
these  two  different  sequences  might  overlap  at  streptavidin's  biotin  binding  site  led  to 
synthesis  of  the  strongly  binding  combination  sequence  HPQ VYGFRQ.  Structural 
studies  and  biophysical  characterization  of  this  interaction  continue.  These  studies 
demonstrate  a  novel  technology  utilizing  simply  prepared  arrays,  optimal  display 
chemistry,  and  radio-labeling  for  sensitive  detection;  and  foreshadow  its  application 
for  receptor  mapping,  leading  to  the  computer  assisted  design  of  new,  highly  active 
drug  candidates. 
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Introduction 

Methods  have  been  developed  for  the  rapid  preparation  of  large  numbers  of 
individual  synthetic  peptides  [1, 2]  which  have  improved  and  greatly  simplified  earlier 
techniques.  Various  strategies  in  multiple  peptide  synthesis  have  been  used  [3]  to 
generate  complex  mixtures  of  peptides,  combinatorial  peptide  libraries,  for  screening 
from  which  a  lead  compound  can  be  isolated  by  logical  procedures.  Alternatively, 
spatial  localization  through  photolithography  allows  identification  of  active 
sequences  by  position  [4],  As  peptide  recognition  [5]  often  involves  interaction  with 
turn  structures,  structure-activity  studies  often  indicate  discontinuities  in  sequence. 

A  second  dimension  in  complexity  can  be  obtained  through  the  introduction  of 
specific  functional  groups  into  two  sets  of  peptide  mixtures  which  can  then  be  cross- 
linked.  Our  initial  test  of  this  concept  has  utilized  disulfide  cross-linking  and  focused 
on  two  model  systems  derived  from  angiotensin  II  (Asp-Arg-Val-Tyr-Val-His-Pto- 
Phe,  AT)  and  bradykinin  (Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg,  BK).  For  these 
two  peptides,  considerable  evidence  exists  {6,  7]  that  their  receptor-bound 
conformations  contain  turns  centered  on  residues  Tyr-4  and  Gly-4  and  Phe-5, 
respectively.  In  the  case  of  residues  which  are  recognized  and  which  are  adjacent 
because  of  proximity  in  adjacent  P-sheet  structures,  incorporation  of  turn  mimetics 
into  linear  sequences  may  be  an  appropriate  strategy.  Alternatively,  linking  two 
strands  together  by  a  disulfide  bridge  is  consistent  with  p- sheet  formation  as  seen 
both  in  proteins  [8]  and  in  small  peptides  [9,  10].  Previous  studies  [7]  had  shown 
that  both  parallel  and  antiparallel  dimers  of  AT  containing  Cys  at  positions  three  and 
five  were  recognized  by  AT  receptors.  Kaczmarek  et  al.  [this  volume]  have  shown 
similar  results  for  BK  dimers. 

Results  and  Discussion 

Synthesis  of  peptide  mixtures  -  Two  peptide  mixtures  were  synthesized  as 
fragments  of  AT  to  be  joined  as  heterodimers  by  oxidation: 

*Current  address:  Division  of  Laboratory  Medicine,  Department  of  Pathology.  University 
of  Alabama  Medical  School,  Birmingham,  AL  35233,  U.S.A. 
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Mixture  A.  Ac-Cys-(Tyr,  Phe,  Ala)-Val-His-(Pro,  Gly,  Phe)-Phe-OH 
Mixture  B.  Sar-Arg-(Pro,  Cle,  Val)-(Tyr,  Phe,  AIa)-Cys-NH2 

One  (peptide  mixture  A)  of  the  initial  synthetic  peptide  mixtures  which  consisted  of  a 
six-residue  peptide  sequence  with  an  acetylated  N-terminus  and  a  free  carboxyl 
terminus  was  prepared  using  standard  SPPS  with  mixtures  of  amino  acids.  The  other 
(peptide  mixture  B)  consisted  of  a  five-residue  peptide  sequence  with  a  free  amino 
terminus  and  an  amidated  C-terminus  was  synthesized  similarly  using  MB  HA  resin 
and  Boc  protection.  Amino  acid  analysis  and  HPLC  of  mixture  B  as  well  as  FABMS 
of  the  resulting  dimers  indicated  that  the  differences  in  rates  of  reaction  of  the 
mixtures  of  activated  amino  acids  gave  low  yields  of  Ge  incorporation. 

Another  two  peptide  mixtures  were  synthesized  as  fragments  of  BK  to  be  joined 
as  heterodimers  by  oxidation: 

Mixture  C.  Ac-Cys-(Ser,Phe,D-PheXeu)-(Pro,D-Pro>Phe,D-Phe)-Phe-Arg-OH 

Mixture  D.  NHr(Arg4Jys,Om,D-Arg)-Pro-(Pro,MeA,Ge,D-Pro)-Cys-NH2 

In  peptide  mixture  D,  there  were  two  hindered  amino  acids,  MeA  and  Ge,  at  the  third 
position  and  their  coupling  rates  are  quite  slow  and  very  different  from  the  other  two 
usual  amino  acids  in  the  same  coupling  mixture.  For  this  reason,  we  employed  the 
divide-react-and-recombine  startegy  where  each  part  was  coupled  separately  with  the 
individual  amino  acids  (Ge,  MeA,  D-Pro  and  Pro);  then  the  four  parts  were 
recombined  and  coupled  with  Pro.  Unfortunately,  Cle  and  MeA  were  still  not 
completely  coupled  even  after  five  coupling  cycles  with  different  methods.  The 
tripeptide  resins  were  separated  again  into  four  portions,  and  each  was  coupled  with 
one  of  the  amino  acids  (Arg,  Lys,  Om,  D-Arg).  Even  so,  some  peptides  were  less 
obvious  by  FABMS  due  to  their  relatively  low  concentrations. 

Three  methods  of  disulfide  oxidation  (I2,  and  DMSO  for  AB  heterodimer 
formation,  and  thalium(trifluoroacetic  acid)?  for  CD  dimer)  oxidation  were  used. 
Conditions  utilizing  an  excess  of  one  component  and  kinetic  control  optimized  yield 
of  the  mixed  disulfides.  73  of  the  theoretical  81  AB  peptides  were  readily  identified 
by  FABMS.  The  remaining  8  peptides  which  were  observable  all  contained  Cle 
which  coupled  poorly.  After  the  oxidation  reaction,  there  were  three  kinds  of  dimer 
mixtures:  AA,  BB  and  AB.  All  CD  dimer  peaks  were  readily  observed  by  FABMS. 
Given  the  different  physicochemical  properties  of  the  two  parent  sets  of  peptide 
mixtures  A  and  B,  these  differences  were  enhanced  by  homodimerization  and  led  to 
easy  separation  of  AA,  AB  and  BB  dimer  mixtures  by  HPLC.  Control  oxidations  of 
mixtures  A  and  mixtures  B  were  performed  separately  for  bioassay  and  available  as 
standards. 

The  ability  of  dimer  mixtures  AA,  AB  and  BB  to  inhibit  angiotensin  II  binding 
to  the  AT,  receptor  (rabbit  aorta)  was  tested: 


Dimer  Mixture  (cone.) 

1  x  Iff5  M 

1  x  lff«M 

AB 

93% 

54% 

AA 

37% 

6% 

HB 

16% 

3% 
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The  results  imply  that  one  or  more  of  the  dimers  of  the  AB  mixture  binds 
competitively  to  the  AT  receptor  at  relatively  high  affinity  considering  that  only  one 
of  the  81  peptides  in  the  mixture  may  possess  this  property. 

A  second  dimension  in  complexity  can  readily  be  obtained  through  the 
introduction  of  specific  functional  groups  into  two  sets  of  peptide  mixtures  which 
can  then  be  cross-linked.  While  the  examples  focused  on  the  use  of  the  disulfide  as 
the  cross-link,  such  a  strategy  can  easily  be  adapted.  Incorporation  of  a  single  Asp  or 
Glu  into  one  peptide  mixture  and  a  single  Om  or  Lys  into  the  other  peptide  mixture 
would  lead  to  mixtures  which  could  readily  be  joined.  Another  adaptation  of  this 
approach  is  to  peptides  which  are  prepared  on  solid  supports  and  assayed  without 
removal  such  as  the  photolithography  technique  [4],  Use  of  the  disulfide  linkage 
would  allow  recycling  of  the  support-bound  peptides  through  reduction,  washing  and 
combination  by  oxidation  with  a  different  mixture  of  sulfhydiyl-containing  peptides. 
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Introduction 

A  number  of  laboratories  have  reported  many  novel  methods  for  the  synthesis 
of  peptide  libraries — large  numbers  of  linear  oligopeptides — which  can  provide  a 
convenient  entry  for  the  rapid  screening  of  biological  activities.  We  wish  to  report  a 
procedure  that  is  amenable  to  preparing  mixtures  of  cyclic  peptides  that  are  usually 
regarded  as  improved  lead  generators.  The  strategy  involves  the  concept  of  resin 
bound  peptide  cyclization,  developed  by  Sklyakov  and  Shashkova,  and  more  recently 
by  Felix,  Schiller,  and  Hruby,  among  others.  It  also  features  the  attachment  of  an 
amino  acid  to  a  solid  support  through  its  side  chain:  an  approach  designed  to  mimic 
solution  cyclization  procedures  with  linear  peptides. 

Results  and  Discussion 

A  typical  strategy  is  shown  below  for  the  preparation  of  a  series  of  cyclic 
pentapeptides.  The  initial  attachment  of  a  trifunctional  amino  acid  is  by  the  aspartyl 
side  chain  (with  OFm  for  a-carboxyl  protection)  and  coupling  is  performed  using 
BOP  reagent  with  racemization  suppressant. 


Boc-Www-Xxx-Yyy-Zzz-Asp-OFm 

I 

r/f// 


Www,  Xxx, 
Yyy,  and  Zzz 
represent 
(protected) 
amino  acids 


1) T7A 

2)  20%  piperidine 

3)  Cyclization 

4)  HF  cleavage 


Boc  chemistry  was  used  for  peptide  synthesis,  cyclization  was  carried  out  using 
BOP  or  HATU  reagents  with  racemization  suppressants  (HOBT  or  HOAT)  and  strong 
acid  (HF)  was  used  for  deprotec tive  cleavage. 

The  concept  of  resin-bound  cyclization  has  been  previously  reported  by  several 
groups.  The  use  of  side-chain-to- resin  linkage  combined  with  resin  bound  cyclization 
has  been  recently  reported  by  Rovero  et  al.  [1],  In  order  to  validate  that  this  synthetic 
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method  could  be  extended  to  the  formation  of  cyclic  peptide  libraries,  we  have 
prepared  a  series  of  increasingly  complex  mixtures. 

In  the  first,  a  seues  of  four  cyclic  pentapeptides  (including  a  "retro-in verso" 
variant  of  a  recently  described  cyclic  endothelin  antagonist  [2])  were  prepared  using 
the  "split  resin"  strategy  [3,  4].  This  helps  insure  that  each  peptide  resin  bead  will 
contain  only  a  single  cyclic  peptide  sequence.  The  FABMS  analysis  demonstrated 
that  all  four  expected  products  were  formed.  In  addition,  several  other  minor  products 
were  observed  and  identified.  These  included  a  series  of  linear  peptide 
piperidineamides,  formed  presumably  from  incompletely  washed  resin  following  the 
OFm  ester  cleavage  step.  A  second  series  of  minor  components  showed  expected 
molecular  masses  and  amino  acid  compositions,  and  were  separable  from  the  major 
isomers  by  RP-HPLC  but  not  by  capillary  electrophoresis.  These  apparently  result 
from  some  epimerization  at  the  C-terminal  aspartyl  linkage  during  cyclization,  and 
presumably  may  be  suppressed  by  using  appropriate  racemization  preventing 
methods.  The  major  components  were  the  four  expected  cyclic  analogs. 

In  a  second  example,  the  synthetic  protocol  was  validated  through  preparation  of 
a  set  of  16  peptides  with  general  sequence  (Xxx-D-Leu-Yyy-D-Pro-Asp),  again  using 
the  "split-resin"  technique  to  generate  a  unique  sequence  on  each  resin  bead.  The 
synthesis  gave  a  mixture  of  cyclic  products  after  cleavage.  FABMS  analysis  revealed 
that  all  expected  masses  were  present.  Interestingly,  the  relative  intensities  showed 
the  expected  dependence  on  hydrophobicity  so  that  peptides  with  a  Nal,  Leu 
combination  were  nearly  10  times  more  abundant  in  the  mass  spectrum  record  than  a 
corresponding  Tyr,  Gly  variant;  in  contrast,  the  RP-HPLC  profile  (and  amino  acid 
composition)  suggested  the  expected  equimolarity. 

In  a  third  example,  a  more  extensive  set  of  cyclic  pentapeptides,  cyclo(Aaa-Bbb- 
Ccc-Ddd-Asp),  was  prepared.  The  amino  acid  levels  were  purposely  skewed  in  order 
to  provide  a  verifiable  and  variable  ratio  using  amino  acid  analysis.  A  series  of  six 
different  amino  acids  was  used  at  each  of  the  four  variant  positions  within  the 
pentapeptide  to  yield  6x6x6x6xlor  12%  analogs.  At  least  36  of  these  final 
cyclic  compounds  were  designed  to  contain  the  Arg-Gly-Asp  sequence  such  that  the 
library  products  could  be  tested  in  appropriate  assays  for  this  well-known  cell 
adhesion  moiety. 

In  contrast  to  earlier  syntheses,  the  resin  was  extensively  washed  following 
OFm  deprotection  to  remove  residual  piperidine.  This  resulted  in  a  decreased  apparent 
reaction  time,  as  monitored  by  ninhydrin  testing.  Even  more  dramatic  was  the  effect 
of  the  recently  described  coupling  agent  HATU  (the  “Aza”  equivalent  of  HBTU) 
which  also  incorporates  the  aza-HOBt  racemization  suppressant  as  described  by 
Carpino  [5].  In  this  presumably  more  complex  cyclization  test,  in  which  a  large 
variety  of  pentapeptide  sequences  must  be  cyclized  in  order  to  provide  a  negative 
ninhydrin  test,  the  reaction  was  judged  complete  after  one  hour. 

Analysis  of  the  resulting  mixture  included  the  use  of  FABMS  as  well  as  CEEC 
(capillary  electrophoresis  with  electrochemical  detection — designed  to  identify  more 
electroactive  moieties).  The  molecular  weight  analysis  revealed  the  presence  of  both 
monomeric  and  dimeric  species,  the  latter  presumably  occurring  with  more 
recalcitrant  cyclic-forming  sequences.  (In  this  experiment,  prolines  and  glycine 
residues  were  not  deliberately  enhanced  to  optimize  monocyclization  yields;  analysis 
of  epimerization  during  coupling  is  being  completed.)  Both  FABMS  and  AAA  are 
consistent  with  the  formation  of  primarily  monomeric  species  containing  the 
expected  amino  acids.  Further  analysis  of  individual  products  should  help  in  future 
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experimental  design  to  identify  the  sequence-dependence  of  cyclization  tendencies. 

It  thus  appears  feasible  to  prepare  libraries  of  cyclic  peptide  mixtures  using 
well-precedented  techniques  in  peptide  synthesis.  The  ring  size  demonstrated  here 
involves  cyclic  pentapeptides  but  examples  of  both  smaller  and  larger  ring  sized 
libraries  are  being  evaluated.  We  are  exploring  the  use  of  chemistries  that  will  lead 
to  facile  side  chain  attachment  of  other  amino  acids,  such  as  benzyl  ether,  (Ser,  Thr), 
carbobenzoxy  (Lys,  Om),  or  thioether  (Cys)  analogs  and  techniques  for  preparing 
deprotected  resin-bound  sequences. 

Additionally,  we  are  evaluating  the  concept  of  serial  release  of  cyclic  pepddes 
from  library  mixtures,  using  a  variety  of  orthogonal  linker  strategies.  This  concept 
has  been  very  well  demonstrated  using  linear  peptide  libraries  [6],  but  provides  a 
somewhat  more  challenging  set  of  orthogonality  requirements  when  extended  to 
cyclic  peptide  mixtures. 
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Introduction 

Synthetic  peptide  combinatorial  libraries  (SPCLs),  composed  of  tens  of 
millions  of  free  peptides,  have  been  shown  to  be  highly  effective  in  the  determination 
of  opioid  ligands  [1,  2].  In  these  early  studies  it  was  shown  that  methionine  and 
leucine  enkephalin  could  be  determined  from  a  library  of  52,128,400  hexapeptides. 
We  have  also  reported  the  use  of  an  N-acetylated  library,  composed  of  the  same 
number  of  peptides,  to  determine  new  peptide  ligands  for  opioid  receptors  [3].  These 
peptides,  which  we  have  termed  Acetalins,  bear  no  sequence  homology  to  known 
peptides  or  proteins  (Ac-RFMWMO-NHj).  Three  of  these  peptides  have  been  shown 
to  bind  to  p,  6  and  K3  opioid  receptors,  but  exhibit  negligible  activity  at  K,  and  Kj 
opioid  receptors  [3].  The  peptides,  Ac-RFMWMT-NH2,  Ac-RFMWMK-NH2,  and 
Ac-RFMWMR-NH2  were  shown  to  behave  as  antagonists  when  examined  in  the 
guinea  pig  ileum  and  mouse  vas  deferens  assays.  We  have  now  determined,  from  a 
library  composed  entirely  of  D-amino  acids,  individual  peptides  capable  of  inhibiting 
the  binding  of  tritiated  (D-Ala2,MePhe4,Gly-ol5)encephalon  (DAGO)  to  the  )i 
receptor. 

Results  and  Discussion 

The  400  separate  mixtures  in  this  SPCL  are  represented  as  Ac-o,o2xxxx-NH2, 
in  which  the  first  two  amino  acids  (o,  and  o2)  are  individually  defined,  and  the  last 
four  amino  acids  consist  of  equimolar  mixtures  of  19  D-amino  acids  (cysteine 
omitted,  glycine  included).  The  library  was  synthesized  as  previously  described  [4]. 
The  library  was  screened  for  ability  to  inhibit  the  binding  of  3H-DAGO  to  crude  rat 
brain  homogenates.  Preparation  of  membranes  and  assay  conditions  have  been 
described  previously  [1],  The  three  most  effective  DAGO  inhibiting  mixtures  were 
Ac-ryxxxx-NHj  (IC50  =  8,437  nM),  Ac-rwxxxx-NH2  (ICjq  =  1 1,686  nM)  and  Ac- 
rfxxxx-NH2  (ICjo  =  14,152  nM).  An  iterative  selection  process  which  sequentially 
defined  the  four  mixture  positions  (Ac-o,o2o3xxx-NH2  -»  Ac-o,o2o3o4o5o6-NH2) 
was  subsequently  performed  for  the  two  mixtures,  Ac-rfxxxx-NH2  and  Ac-ryxxxx- 
NH2.  The  former  mixture  ultimately  yielded  peptides  with  greater  activity  and  is 
thus  described  here  in  detail.  Upon  defining  the  third  position  with  20  D-amino  acids 
(cysteine  included),  10  peptide  mixtures  inhibited  DAGO  more  effectively  than  the 
control  mixture,  Ac-rfxxxx-NH2  (ICjq  =  15,673  nM).  The  mixture  Ac-rfwxxx-NHj 
(ICj,,  =  1,075  nM)  was  the  most  effective  at  inhibiting  3H-DAGO;  with  a  14.5-fold 
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increase  in  activity  observed  over  the  control  mixture,  Ac-rfxxxx-NH2.  Seven 
mixtures  had  activities  greater  titan  Ac-rfwxxx-NH2  when  the  fourth  position  was 
defined.  The  two  most  active  peptide  mixtures  found  were  Ac-rfwwxx-NH2  (ICy,  = 
666  nM)  and  Ac -rfwixx -NH2  (ICjo  =  873  nM);  they  exhibited  4  and  3-fold  increases 
over  Ac-rfwxxx-NHj  (ICy,  =  2,732  nM),  respectively.  While  iterations  of  both  these 
mixtures  have  been  completed,  Ac-rfwixx-NHj  ultimately  yielded  individual  peptides 
having  the  greatest  activities.  Four  mixtures  were  found  to  be  more  effective  than 
the  control  mixture  upon  defining  the  fifth  position.  The  most  effective  mixture  was 
Ac-rfwinx-NH2  (ICjq  =  235  nM),  representing  a  2-fold  increase  in  activity  over  Ac- 
rfwixx-NH2  (ICjq  =  559  nM).  Of  the  20  peptides  for  which  all  six  positions  were 
defined,  three  peptides  exhibited  activity  greater  than  the  control  mixture,  Ac-rfwinx- 
NH2  (ICjq  =  559  nM).  Ac-rfwink-NH2  (IC^  =  16  nM)  was  the  most  effective  3H- 
DAGO  inhibiting  peptide.  Ac-rfwina-NH2  (IC*,  =  33  nM)  and  Ac-rfwinr-NH2  (ICy, 
=  34  nM)  were  the  second  and  third  most  effective  peptides,  respectively.  We  believe 
this  is  the  first  instance  of  hexapeptides  containing  all  D-amino  acids  shown  to  bind 
with  high  affinity  to  an  opioid  receptor. 
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Introduction 

As  a  contribution  to  speeding  up  the  process  of  drug  discovery,  a  new  strategy 
was  introduced  in  1988  facilitating  discovery  of  biologically  active  peptides.  Our 
"portioning-mixing"  method  [1-3]  added  two  simple  operations  (dividing  the  resin 
into  portions  before  coupling  and  mixing  after  coupling)  to  those  used  in  the 
Merrifield's  solid  phase  synthesis  and,  as  a  result,  enabled  the  user  to  prepare  millions 
or  even  billions  of  peptides  (peptide  libraries)  by  building  into  them  the  constituent 
amino  acids  in  all  possible  combinations.  The  purpose  of  this  paper  is  to  show  how 
partial  libraries  can  be  utilized  in  screening. 

Results  and  Discussion 

Libraries  and  sub-libraries.  First  of  all,  it  seems  worthwhile  to  introduce  some  new 
definitions.  Thus,  the  name  normal  library  may  be  suggested  for  mixtures  formed  by 
varying  the  same  number  of  amino  acids  in  all  positions.  Standard  libraries  will 
represent  a  special  case  of  the  normal  libraries  where  the  20  common  amino  acids  are 
varied  in  all  positions.  Cysteine  is  mostly  omitted  in  the  synthesis.  This  can  be 
indicated  by  a  "minus  CM  termination  (standard-C  library).  A  special  combined 
library,  containing  a  genetic  series  of  standard  libraries  will  be  named  genetic  library, 
e.g.,  the  genetic  pentapeptide  library  includes  all  standard  libraries  from  dipeptides  to 
pentapeptides.  The  use  of  non-common  amino  acids  besides  the  common  ones  can  be 
indicated  by  the  name:  extended  library. 

Any  kind  of  library  -  except  genetic  libraries  -  can  be  divided  into  sub-libraries. 
They  are  special  partial  libraries  of  parent  libraries  and  can  be  synthesized  without 
varying  the  amino  acids  in  one  or  more  positions,  while  in  the  rest  of  the  positions 
they  are  varied  like  in  the  parent  library.  A  non-varied  position  is  occupied  by  the 
same  amino  acid  in  all  peptides.  Sub-libraries  may  be  classified  according  to  their 
order:  the  first,  second,  third,  etc.,  order  sub-libraries  having  one,  two,  three,  etc., 
non-varied  positions,  respectively. 

In  the  following  discussions,  if  not  stated  otherwise,  the  term  sub-library  means 
a  sub-library  of  standard  libraries.  The  coupling  positions  (CP-s)  are  numbered 
starting  from  the  C-terminus  to  express  the  order  of  couplings  during  the  synthesis. 
The  amino  acids  are  denoted  by  one  letter  symbols. 

First  order  sub-libraries  have  a  single  non-varied  position.  In  a  first  order 
pentapeptide  sub-library  shown  below,  the  coupling  position  No.  2  is  non-varied, 
occupied  by  glutamic  acid,  while  in  the  first,  third,  fourth  and  fifth  positions,  all  the 


986 


A.  Furka  el  aL 


Peptide  Libraries 


20  amino  acids  are  varied. 

1  A,CJD,E*F,G,H,I,KXtM,N,P,Q,R,S,T,V,W,Y 

2  E 

,  3  A,C,D,E,F,G,H,I,K,L,M,N,P.Q,R,S,T,V,W,Y 

4  A,C,D,E,F,G,H4,K,L,M,NJ>,Q,R,S,T,V,W,Y 

5  A,C,D,E,F,G,HJ,ICL,M,N,P,Q,R,S,T,V,W,Y 

A  short  symbol  suggested  for  this  type  of  sub-library  shows  the  non-varied  position 
and  the  amino  acid  occupying  it:  2E.  An  additional  (optional)  figure  may  be  used  to 
indicate  the  number  of  residues:  2E5. 

There  are  altogether  100  different  first  order  pentapeptide  sub-libraries  which 
form  a  first  order  sub-library  kit: 

1A,1C,1D,1E,1F,1G,1H,1I,1K,1L,1M,1N,1P,1Q,1R,1S,1T,1V,1W,1Y 

2A,2C,2D,2E,2F,2G,2H,2I,2K,2L,2M,2N,2P,2Q,2R,2S,2T,2V,2W,2Y 

3A,3C,3D,3E,3F,3G,3H,31,3K,3L,3M,3N,3P,3Q,3R,3S,3T,3V,3W,3Y 

4A,4C,4D,4E,4F,4G,4H,4I,4K,4L,4M,4N,4P,4Q,4R,4S,4T,4V,4W,4Y 

5A,5C,5D,5E,5F,5G,5H,5I,5K,5L,5M,5N,5P,5Q,5R,5S,5T,5V,5W,5Y 

A  first  order  pentapeptide  sub-library  has  160,000  components.  The  1  to  1  mixture 
of  the  20  sub-libraries  in  any  row  is  equivalent  to  the  standard  binary  (3.2  million 
components). 

The  second  order  sub-libraries  are  characterized  by  two  non-varied  positions.  An 
example  of  such  a  pentapeptide  sub-library  is  shown  below: 

1  A,C,D,E,F,G,H,I,K,L,M,N,P,Q,R,S,T,V,W,Y 

2  A 

3  L 

4  A,C,D,E,F,G,H,I,K,L,M,N,P,Q,R,S,T,V,W,Y 

5  A,C,D,E,F,G,H,I,K,L,M,N,P,Q,R,S,T,V,W,Y 

The  symbol  of  this  sub-library  should  be  either  2A3L  or  2A3L5.  The  number  of 
such  CP  2,3  type  second  order  sub-libraries  is  400  (part  of  them  are  shown  below). 

2A3A,2C3A,2D3A,2E3A,2F3A,2G3A,  ,2R3A,2S3A,2T3A,2V3A,2W3A,2Y3A 

2A3C,2C3C,2D3C,2E3C,2F3C,2G3C,  ,2R3C,2S3C,2T3C,2V3C,2W3C,2Y3C 

2A3D,2C3D,2D3D,2E3D,2F3D,2G3D,  ,2R3D,2S3D,2T3D,2V3D,2W3D,2Y3D 

2A3W,2C3W,2D3W,2E3W,2F3W,2G3W„2R3W,2S3W,2T3W,2V3W,2W3W,2Y3W 
2A3Y,2C3Y,2D3Y,2E3Y,2F3Y,2G3Y,  ,2R3Y,2S3Y,2T3Y,2V3Y,2W3Y,2Y3Y 

Each  sub-library  has  8000  components.  The  1  to  1  mixture  of  the  400  2,3  type 
sub-libraries  forms  a  standard  library.  There  are,  however,  10  types  of  second  order 
pentapeptide  sub-libraries  altogether  (or  individually)  forming  a  kit:  1,2;  2,3;  3,4; 
4,5;  (vicinals),  1,3;  1,4;  1,5;  2,4;  2,5;  3,5  (disjuncts). 

The  domino  strategy.  It  is  a  characteristic  feature  of  the  Erst  order  sub-libraries  that 
the  sole  non-varied  position  is  occupied  by  the  same  amino  acid  in  all  peptides.  For 
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this  reason  a  first  order  sub-library  can  be  used  to  detect  the  presence  or  absence  of  an 
amino  acid  in  the  non-varied  position  of  the  active  peptides.  The  results  of  screening 
experiments  done  with  all  components  of  the  first  order  sub-library  kit  are  expected  to 
show  which  amino  acids  occur  in  the  active  peptides  in  the  different  coupling 
positions,  e.g.,  1(A,G,S,T),  2(HJ),  3(K,L,G),  4(W)  and  5(M,T,Y). 

The  found  amino  acids  and  their  coupling  positions  define  a  partial  library 
which  is  named  "occurrence  library”.  These  amino  acids  are  considered  to  be  varied  in 
the  different  positions  of  this  hypothetical  library.  The  occurrence  library  comprises 
all  active  peptides  and  in  addition  inactive  ones.  In  the  above  example,  the  total 
number  of  peptides  in  the  library  is  only  4x2x3x1x3=72  (instead  of  the  3.2  million 
of  the  parent  library). 

With  a  second  order  sub-library  the  presence  or  absence  of  two  amino  acids 
occupying  two  definite  (vicinal  or  disjunct)  positions  can  be  checked,  that  is,  they 
can  be  used  like  dominoes  in  deducing  the  sequence  of  the  bioactive  peptides.  Only  a 
limited  number  of  second  order  sub-libraries  are  needed  in  the  experiments.  They  can 
be  identified  knowing  the  composition  of  the  occurrence  library.  Second  order  sub¬ 
libraries  belonging  to  both  the  parent  library  and  the  occurrence  library  are  expected 
to  serve  equally  well  in  the  screening  experiments. 

The  domino  strategy  is  entirely  general  and  involves  no  condition  of  any  kind 
concerning  the  type  of  peptide  libraries  and  the  screening  methods. 
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Introduction 

The  assembly  of  immobilized  substrate  libraries  requires  efficient  chemistry 
since  the  peptide  sequences  are  not  removed  from  the  solid  support  for  rigorous 
analytical  analysis  following  synthesis.  The  Fmoc  strategy  of  peptide  synthesis  has 
been  employed  in  library  synthesis  with  good  reliability,  however  amide  formation 
with  carboxylates  other  than  standard  protected  a-amino  acids  must  be  studied 
carefully.  Our  first  fluorescent  marker,  7-hydroxycoumarin-4- acetic  acid  (Cou),  used 
to  quantitatively  measure  the  enzymatic  hydrolysis  of  immobilized  substrates 
exhibited  poor  coupling  efficiencies.  We  have  developed  methods  to  examine 
coupling  efficiency  and  subsequently  improved  our  fluorescent  marker  chemistry. 

Results  and  Discussion 

The  basic  construct  of  our  immobilized  substrate  technology  consists  of  a 
fluorescent  marker  at  the  N-terminus  of  a  peptide  sequence  attached  to  a  linker 
comprised  of  six-aminocaproic  acid  residues,  covalently  linked  to  an  aminopropyl 
anchor  on  controlled  pore  glass  [1]. 

Scheme  1 


(Linker) 


o^^vPeptKle 

(Marker)  O 


(Anchor) 

CKbitrofledporegass 
(OH>2 


When  exposed  to  enzyme,  the  peptide  sequence  is  cleaved,  releasing  a 
fluorescent  fragment  into  solution.  The  measured  fluorescence  is  directly  correlated 
with  the  extent  of  peptide  cleavage. 
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We  employed  commercially  available  Cou  in  early  experiments.  This 
carboxylic  acid  was  coupled  without  hydroxyl  protection  in  an  automated  process. 
The  large  extinction  coefficient  allowed  precise  measurements  even  with  minute 
quantities  of  materials. 

On  investigation  of  the  solution  phase  reaction  the  previously  reported  [2] 
decarboxylation  of  Cou  to  7-hydroxy-4-methylcoumarin  was  found  to  cause 
incomplete  capping  of  peptide  sequence.  The  homolog  7-hydroxycoumarin-4- 
propionic  acid  (Cop)  was  developed  (Scheme  2)  as  a  more  stable  analog  of  Cou 
which  retains  nearly  identical  fluorescence  characteristics. 

Scheme  2 
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Meldrum's  acid  1  was  acylated  with  ethyl  succinyl  chloride  2  and  decarboxylated 
to  yield  3  as  previously  described  [3].  Condensation  of  the  B-keto  ester  3  with 
resorcinol  was  achieved  in  ethanol  saturated  with  HC1  at  0°C  and  left  for  several  days 
at  room  temperature  tightly  stoppered.  The  crystalline  product  4  of  the  modified 
Peckman  condensation  [4,  5]  was  subject  to  basic  hydrolysis  to  provide  analytically 
pure  Cop  5  after  a  single  recrystallization  [6]. 


Scheme  3 
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The  coupling  efficiencies  of  both  Cou  and  Cop  were  investigated  using  amino 
acid  analysis  and  peptide  sequencing  of  products  without  removal  of  the  peptides  from 
the  support.  Peptide  6  was  synthesized  on  the  controlled  pore  glass  using  Fmoc 
chemistry  on  an  Advanced  Chemtech  350  multiple  peptide  synthesizer.  Deprotection 
of  peptide  6  and  coupling  of  Cop  provides  the  capped  sequence  7  and,  if  the  marker 
coupling  was  less  than  complete,  the  side  product  8.  The  mixture  is  then  treated 
with  TFA  to  remove  the  side  chain  Boc  protection  and  coupled  with  Fmoc-Ala  to 
yield  9  with  possible  impurity  10.  Deprotection  with  piperidine  provides  final 
products  11  and  12  which  are  analyzed  on  the  support. 

Amino  acid  analysis  will  ideally  display  equivalent  amounts  of  each  amino  acid. 
When  coupling  is  incomplete,  the  abundance  of  alanine  equals  the  extent  uncoupled. 
Sequence  analysis  will  indicate  that  capping  with  marker  was  incomplete  if  leucine  is 
present  in  the  second  cycle. 

Using  these  techniques,  we  have  developed  a  protocol  that  includes  double 
coupling  with  a  10-fold  excess  of  Cop.  Analysis  of  products  synthesized  using  this 
protocol  are  comparable  to  results  obtained  for  peptide  sequences  which  were 
synthesized,  purified  and  then  attached  to  the  support  as  a  fragment. 

We  have  described  the  large  scale  synthesis  of  Cop,  a  chemically  stable 
fluorescent  marker  useful  in  immobilized  substrate  technology.  In  addition,  we  have 
described  relatively  simple  and  general  techniques  for  evaluating  the  coupling 
efficiencies  of  carboxylates  to  a  peptide  on  a  solid  support.  These  techniques  do  not 
require  that  the  peptide  sequence  be  removed  from  the  support  prior  to  analysis. 
Using  these  techniques,  we  have  developed  highly  reliable  coupling  protocols  for  the 
construction  of  peptide  libraries. 
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Introduction 

The  use  of  random  peptide  libraries  as  a  new  tool  in  drug  discovery  has  received 
considerable  recent  attention.  In  addition  to  the  use  of  soluble  libraries,  several 
groups  have  reported  the  screening  of  peptides  while  still  attached  to  the  solid  phase 
synthesis  support  [1,2].  Immobilized  peptides  can  be  displayed  in  two  orientations: 
N-terminal  exposed  and  C-terminal  exposed,  which  differ  only  in  which  end  of  the 
peptide  is  attached  to  the  support.  There  are  many  examples  of  receptors,  enzymes 
and  antibodies  which  possess  inherent  preferences  for  binding  to  only  one  end  of  a 
peptide  chain.  Traditional  solid  phase  peptide  techniques  rely  on  a  C  to  N  strategy  of 
forming  the  polymer  chain,  and  hence  are  only  compatible  with  the  presentation  of 
N-terminal  libraries.  The  complementary  N  to  C  strategy,  although  known,  is 
believed  to  be  accompanied  by  racemization  of  the  growing  peptide  chain.  We  have 
begun  to  explore  a  technique  of  reversing  the  peptides  on  the  support,  whereby  one 
first  creates  an  N-terminal  library,  then  cyciizes  the  N-terminus  to  the  support,  and 
one  ultimately  cleaves  the  bond  anchoring  the  C-terminus  to  the  support  to  generate 
the  C-terminal  exposed  library. 
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Fig.  I.  Peptide  reversal  on  solid  supports. 

Results  and  Discussion 

The  synthesis  of  a  template  molecule  6  suitable  as  a  building  block  to  effect 
the  peptide  reversal  is  shown  below.  We  have  targeted  an  amine-to-carboxyl  strategy 
to  ring  close  the  peptide  chain,  and  have  employed  an  allyl  ester  as  an  orthogonal 
protecting  group  for  the  carboxyl.  The  alkoxyacetic  acid  chain  is  used  to  attach  the 


992 


C.P.  Holmes  and  C.M.  Rybak 


Peptide  Libraries 


template  to  a  solid  support.  We  have  incorporated  a  labile  benzylic  bond  into  the 
tether  molecule.  This  affords  the  possibility  of  either  the  concurrent  cleavage  of  the 
attachment  bond  during  the  removal  of  the  side  chain  protecting  groups  upon 
treatment  with  TFA,  or  the  stepwise  cleavage  of  the  peptide  followed  by  removal  of 
the  side  chain  protecting  groups.  Since  template  6  will  have  the  first  amino  acid 
linked  through  an  amide  bond,  the  reversal  process  generates  the  peptide  as  its  C- 
terminal  carboxamide.  Compound  5  serves  as  a  convenient  branch  point  for 
exploring  other  amine  protection  strategies  in  addition  to  the  Fmoc  strategy  we  have 
pursued. 


Fig.  2.  Synthesis  of  template  molecule,  (a)  NaH,  BrCH2CO 2tBu;  (b)  K2C03. 
BriCH2)fC02MlyU  (c)  TFA;  (d)  H2NOH,  pyridine;  (e)  Zn,  HOAc;  (f)  Fmoc-Cl,  NaHC03. 

We  chose  to  explore  the  appropriate  reaction  conditions  for  the  orthogonal 
deprotections  and  the  cyclization  in  the  solution  phase  with  the  template  7,  which  is 
the  oxo-glycine  analog  of  6  and  has  the  carboxyl  group  used  to  bind  to  the  support 
blocked  as  its  t-butyl  ester.  Conversion  of  3  to  7  was  accomplished  in  two  steps  via 
sodium  borohydride  reduction  followed  by  carbodiimide  coupling  with  Fmoc-Gly- 
OH.  Treatment  of  template  7  with  50%  TFA/CH2C12  for  5  minutes  gave  complete 
conversion  to  Fmoc-Gly-OH,  as  evidenced  by  HPLC  analysis.  This  agrees  with  the 
known  susceptibility  of  similar  cleavable  linkers  towards  TFA  [3, 4]. 

We  have  found  that  a  two  step  protocol  of  generating  the  cyclized  product  gives 
the  highest  overall  yields  in  this  solution  phase  system.  Deprotection  of  the  allyl 
group  with  palladium  under  acidic  conditions  with  acetic  acid  as  scavenger  gives 
>90%  yield  of  acid  8.  The  cyclization  was  most  conveniently  performed  through  a 
one  pot,  two  step  procedure  of  first  deprotecting  the  Fmoc  group  with  2%  DBU  in 
DMF,  followed  by  dilution  with  DMF  to  a  final  concentration  of  1  mM  and 
BOP/HOBt  treatment  to  give  a  75%  yield  of  9.  Removal  of  the  Fmoc  group  with 
piperidine,  followed  by  cyclization  with  DCC  gave  a  significant  amount  of  the 
piperidinyl  amide  adduct,  arising  from  residual  piperidine  trapping  the  activated 
carboxyl  group. 
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Fig.  3.  Solution  phase  chemistry  of  cyclization  and  cleavage  reactions  of  template.  ( a ) 
Ph3P.  Pd(Ph3P)4j  HOAc;  (  b)  DBU.  then  BOP.  HOBt;  (c)  TFA;  (d)  H2,  Pd/C. 

Cleavage  of  the  ester  bond  to  glycine  can  be  accomplished  in  a  multitude  of 
ways.  Catalytic  hydrogenation,  alcoholysis,  aminolysis,  and  other  nucleophilic 
reagents  can  lead  to  the  generation  of  acids,  esters,  amides  and  the  like.  We  have 
demonstrated  two  different  types  of  cleavages.  Catalytic  hydrogenation  of  9  affords 
cleanly  the  free  acid  11  in  86%  yield  after  chromatography.  Treatment  of  10  with 
TFA  generates  compound  10  in  moderate  yield,  although  the  solution  nature  of  the 
reaction  makes  isolation  of  the  product  difficult.  The  application  and  use  of  this 
template  to  the  reversal  of  peptides  and  other  polymers  on  solid  supports  are  in 
progress  and  will  be  reported  in  due  course. 
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Introduction 

The  advances  in  solid-phase  peptide  chemistry  have  led  to  the  development  of 
various  techniques  for  generating  libraries  with  vast  numbers  of  diverse  peptides. 
These  peptide  libraries  are  screened  to  derive  peptide  sequences  of  interest  that  may  be 
used  clinically  or  used  for  the  development  of  pharmaceutical  compounds.  Since 
peptide  diversity  of  a  library  constructed  with  all  20  naturally  occurring  amino  acids 
is  extensive,  physical  constraints  for  the  synthesis  and  screening  arise  and  impose 
serious  limitations  on  the  length  of  peptide  that  may  be  examined.  To  simplify  both 
the  synthesis  and  library  screening  procedures,  a  novel  approach  using  representative 
amino  acids  instead  of  all  20  naturally  occurring  amino  acids  was  investigated. 
Representative  hexapeptide  combinatorial  libraries  were  made  employing  a  set  of  ten 
amino  acids  which  display  the  basic  physico-chemical  properties  associated  with 
naturally  occurring  amino  acid  side-chains. 

These  peptide  libraries  were  used  to  investigate  the  binding  diversity  of  the 
murine  monoclonal  antibody  PK99H.  This  MAb  was  raised  against  the  pili  of  the 
opportunistic  pathogen  Pseudomonas  aeruginosa  strain  K  (PAK).  The  epitope 
recognized  by  PK99H  has  been  recently  mapped  using  single  alanine  substituted 
peptides  and  was  found  to  consist  of  the  sequence  DEQFIPK  [1], 

Results  and  Discussion 

The  three  series  of  hexapeptide  libraries,  Ac-0i02X3X4XjX6-NH2,  Ac- 
XiX20304X5X6-NH2,  and  Ac-X|X2X3X40j06-NH2,  were  synthesized  by  Fmoc 
chemistry  using  a  Multiple  Column  Peptide  Synthesis  instrument  [2,  3].  Each  On 
and  X„  were  chosen  from  the  following  10  representative  amino  acids:  Ala,  Glu 
(Asp),  Phe  (Trp,  Tyr),  Gly,  lie  (Val,  Met),  Lys  (His,  Arg),  Leu  (Met),  Pro,  Gin 
(Asn)  and  Ser  (Thr)  with  the  representative  amino  acids  given  in  parentheses.  No 
representative  amino  acid  for  Cys  was  selected.  Each  series  of  peptide  libraries  has 


Fig.  I.  Competitive  EUSA  profiles  of  the  three  series  of  representative  peptide  libraries. 
The  single  letter  codes  on  the  abscissa  denote  the  first  position  (On)  of  the  dipeptide 
sequence  0„0B+;.  The  order  of  amino  acid  residues  in  the  second  position  (On+/)  was  A,  E, 
F,  G,  l,  K,  L,  P,  Q  and  S.  For  example,  the  region  denoted  A  has  10  pools  of  dipeptide- 
defined  hexapeptide  libraries  in  the  following  order:  AA,  AE,  AF,  AG,  Al,  AK,  AL,  AP,  AQ 
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two  specifically  defined  positions  (OjO^.,)  and  thus  represents  100  hexapeptide  pools 
with  each  pool  containing  approximately  10,000  peptides.  The  main  idea  of  using  a 
representative  library  instead  of  a  standard  library  employing  all  20  naturally 
occurring  amino  acids  is  that  a  representative  library  can  tremendously  reduce  the 
number  of  peptides  in  the  library.  This  not  only  simplifies  the  synthesis  procedure 
but  also  increases  the  screening  sensitivity.  In  addition,  it  also  allows  the  synthesis 
of  a  library  with  longer  peptide  length.  For  instance,  in  a  standard  octapeptide 
library,  the  number  of  peptides  will  be  208  (25.6  billion),  whereas  in  a  representative 
octapeptide  library,  the  number  of  peptides  will  be  reduced  to  108  (0.1  billion). 

The  peptide  libraries  were  screened  by  competitive  ELISA.  Oxidized  PAK  17- 
mer  peptide  (Ac-KCTSDQDEQFIPKGCSK-OH)  corresponding  to  the  C-terminal 
region  of  the  PAK  pilin  was  adsorbed  to  the  microtitre  plate.  The  ability  of  the 
libraries  to  inhibit  the  interaction  of  MAb  PK99H  to  the  coated  peptide  was 
determined.  From  the  ELISA  results  (Figure  1),  a  cutoff  at  50%  inhibition  was  used 
to  highlight  the  significant  'hits'  in  order  to  locate  those  critical  residues  important 
for  MAb  binding.  In  library  (A),  nine  possible  hits  were  observed,  which  were  in  the 
order  of  EQ,  QQ.  QA,  AF,  GQ,  SL,  EF,  GL  and  QL.  In  library  (B),  only  one  hit 
was  observed,  which  was  FI.  In  library  (C),  five  hits  were  observed,  which  were  PK, 
IG,  PL,  LG  and  IL.  The  three  best  dipeptides  mapped  by  these  three  series  of  peptide 
libraries  are  EQ,  FI  and  PK,  respectively.  These  indeed  constitute  the  native  PAK 
epitope  sequence.  Presently,  in  order  to  verify  these  ELISA  results,  a  series  of 
synthetic  hexapeptides,  based  on  a  combination  of  the  best  hits  from  each  library, 
will  be  made.  The  binding  affinities  of  these  peptides  to  MAb  PK99H  will  be 
examined  and  compared  with  the  native  peptide. 

The  representative  combinatorial  peptide  library  is  an  effective  tool  in  studying 
the  epitope  and  binding  diversity  of  MAb  PK99H.  It  employs  the  potential  of 
synthesizing  longer  peptides  in  a  library  without  sacrificing  the  screening  sensitivity. 
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Introduction 

Peptide  libraries  are  pools  of  synthetic  peptides  which  can  be  used  as  a  source  of 
new  lead  structures  for  drug  development  based  on  peptide  receptor  interactions.  We 
identified  peptide  pools  binding  to  MHC  class  I  proteins  [1]  and  these  peptide 
mixtures  were  synthesized  and  used  for  pool  characterization  by  sequencing  and 
electrospray  mass  spectrometry  [2].  Three  examples  of  receptor  assays  with  respect 
to  possible  applications  of  libraries  with  low  and  high  complexity  were  selected  to 
estimate  the  most  promising  application  of  peptide  mixtures. 

Results  and  Discussion 

Receptor  binding  assay  of  neuropeptide  Y:  We  investigated  the  Y1  receptor 
affinity  of  NPY  [3]  admixed  to  octapeptide  mixtures  C^OjOjC^OjXjXjXj  which 
cover  the  MHC  class  I  Kb  binding  motif  [2]  and  are  not  related  to  NPY  partial 
sequences.  Considerable  loss  of  receptor  binding  (measured  by  ,25I-BH-NPY 
displacement)  was  found  for  a  mixture  which  contained  a  tenfold  excess  of  NPY.  If 
we  added  NPY  equimolar  to  one  member  of  the  mixture  the  receptor  affinity  of  this 
ligand  was  blocked.  Specificity  of  the  binding  was  significantly  reduced  even  when 
NPY  was  present  in  the  mixture  in  100  fold  excess.  The  sublibraries  rrRX,X2X3- 
NH2,  Ac-ITRQX,X2,  ITRQYX-NH2,  ITRQYXX-NH2  and  the  C-terminal  NPY 
hexapeptide  amide  ITRQR Y -NH2  were  prepared  by  Fmoc/tBu  chemistry  (X:  L-amino 
acids  except  C,  W).  The  C-terminal  hexapeptide  amide  and  peptide  amide  pools  were 
tested  for  their  potency  to  prevent  receptor  interaction  of  NPY  in  different 
concentrations  and  they  reduced  markedly  the  affinity  to  the  Y1  receptor.  This  effect 
was  not  influenced  by  the  complexity  (5832  or  324)  of  the  mixtures  (Figure  IB). 
Peptide  and  peptide  mixtures  itself  had  no  effect  on  l25I-BH-NPY  displacement 

Killer  cell  activity  on  MHC  class  l  bound  peptides :  Killing  of  target  cells 
preincubated  with  CTL  antigen  and  peptide  mixtures  for  30  min  at  37°C  was 
investigated  in  a  standard  51Cr  release  assay  [1].  The  MHC  class  I  Kb  restricted 
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Fig.  I.  (A)  Competition  of  B-cell  antigen  and  peptide  mixtures  with  biotinylated  antigen 
biotin-spacer-PEYFKN-NH 2  for  binding  to  the  mab  Dii  162.  (B)  Inhibition  of  binding  of 
NPY  to  Y1  receptor  by  different  peptide  pools. 
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Antigen-antibody  interaction:  Tbe  mab  Dii  162  directed  against  HIV  1-Nef 
peptide  PEYFKN  [4]  was  preincubated  (30  min)  in  streptavidin  coated  ELISA  plates 
with  increasing  concentrations  of  acetylated  hexapeptide  amide  or  peptide  mixtures 
carrying  partial  sequences  of  the  epitope  in  defined  positions.  Biotinylated  antigen 
was  added  (SO  ng/well)  and  reduced  binding  of  the  antibody  to  the  streptavidin  bound 
antigen  was  measured  by  ELISA.  A  complex  mixture  (sublibrary  Ac-PEXjXjXjX^ 
NH2,  104,976  peptides)  and  the  nonrelated  sublibrary  Ac-rrX,X2X3X4-NH2  were 
not  competing  for  antibody  binding  at  high  concentration  (0.S  mg/ml).  A  significant 
effect  in  our  optimized  biotin-streptavidin  assay  was  induced  with  peptide  mixtures 
carrying  three  X-positions  (Figure  1A). 

In  summary,  hormone  receptor  binding  was  unspecifically  influenced  by 
hexapeptide  amide  and  octapeptide  mixtures.  The  36-peptide  amide  NPY  is  blocked 
for  competition  at  the  receptor  in  the  presence  of  1440  nonrelated  octapeptides.  For 
killer  cell  activity  and  antigen  antibody  interaction  the  use  of  mixtures  up  to  three  X 
positions  is  promising.  The  presence  of  unrelated  peptides  affords  higher 
concentrations  of  active  peptide  for  induction  of  a  positive  signal  in  immunological 
assays. 
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Introduction 

Peptide  library  screening  represents  a  new  method  to  rapidly  discover  peptide 
ligands  with  biological  activity,  thus  greatly  facilitating  the  traditional  drug  discovery 
process.  We  have  previously  described  a  synthetic  peptide  library  approach  to  screen 
for  peptide  ligands  that  bind  to  specific  macromolecular  targets  (Selectide 
Technology)  [1].  This  method  is  based  on  the  "one-bead  one-peptide”  concept  where 
each  individual  peptide-bead  expressed  only  one  peptide  entity.  Because  the  peptides 
were  not  in  solution,  these  libraries  could  not  be  used  in  solution-phase  bioassays. 
We  have  now  broadened  the  applicability  of  the  technology  to  permit  solution  phase 
assay  with  releasable  peptide  libraries  [2].  In  this  system,  each  bead  contains  only 
one  peptide  entity,  but  the  peptides  are  attached  to  each  bead  via  three  different  types 
of  chemical  linkers.  Two  of  these  linkers  can  be  cleaved  orthogonally  and 
sequentially  under  very  mild  but  differing  chemical  conditions.  The  remaining  linker 
cannot  be  cleaved  under  these  conditions  thereby  leaving  sufficient  peptide  on  the 
bead  for  microsequencing.  The  peptide  library  was  initially  distributed  into  96-well 
plates  with  500  beads/well.  The  peptides  were  then  released  into  solution  phase 
followed  by  biological  assay.  Approximately  100  pmole  peptide  was  released  from 
each  bead  into  solution.  Based  on  volume/well  the  concentration  of  each  individual 
peptide  in  solution  was  approximately  lpM.  The  beads  from  the  wells  with  positive 
response  were  then  redistributed  into  individual  wells  with  1  bead/well.  Subsequent 
release  of  peptides  and  biological  testing  allowed  us  to  physically  isolate  the  bead-of- 
origin  for  microsequencing.  The  general  scheme  of  the  methodology  is  shown  in 
Figure  1. 

Results  and  Discussion 

This  method  has  been  successfully  applied  to  identification  of  peptide  ligands 
specific  for  (i)  an  anti-^-endorphin  monoclonal  antibody  (MoAb)  and  (ii)  the  platelet- 
derived  gp  IIMHa  membrane  fibrinogen  receptor. 
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Stage  I 

•  500  beads/weH 

•  Peptide-release 

•  Bioassay 

Stage  K 

•  1  bead/ well 

•  Peptide-release 

•  Bioassay 

Stage  i 

r  •  Microsequencing  of 
single  peptide-bead 


Fig  1.  General  scheme  of  the  two-stage  release  peptide  library  screening  methodology. 


A  linear  tetrapeptide  library  XXXXG — bead  was  used  in  the  screening  of  anti-p- 
endorphin  MoAb  (clone  3-E7).  This  MoAb  has  been  studied  extensively  [1,3].  The 
native  epitope  is  YGGF  and  the  motif  identified  from  library  screening  was  YG_F. 
The  peptides  were  released  into  solution  and  competitive  ELISA  assay  was 
performed.  Four  reactive  beads  were  sequenced:  YGGF  (identified  twice),  YGVF  and 
YGAF.  In  another  experiment,  purified  platelet-derived  gpllb/ma  receptor  was  used 
to  screen  a  disulfide  cyclic  tripeptide  library  (CXXXC — bead).  Again,  a  competitive 
ELISA  assay  was  used  for  screening.  Two  positive  beads  were  identified  both  with 
the  following  sequence:  CRGDC.  The  RGD  sequence  is  well  known  to  be  the 
native  binding  motif  for  gpIIb/IIIa. 

These  results  demonstrate  that  our  two-stage  releasable  peptide  library  method 
can  be  used  to  identify  binding  ligands  in  solution-phase  assays,  enabling  the  easy 
Adaptation  of  many  in  vitro  bioassays  to  this  methodology.  Furthermore,  we  may 
now  screen  for  biological  endpoint  with  a  functional  assay  where  the  target  molecule 
is  either  not  yet  purified  or  even  totally  unknown.  As  our  libraries  are  produced 
synthetically,  we  have  adapted  this  method  to  non-peptide  chemical  libraries  which 
include  a  coding  peptide  sequence  [4],  The  non-peptide  chemical  structures  are  first 
released  into  solution  and  screened  iR  a  two  stage  process  as  described  above.  The 
remaining  arm  on  the  bead  is  the  peptide  coding  sequence  from  which  the  non-peptide 
chemical  structure  can  be  determined. 
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Introduction 

Selectide  Technology  is  a  synthetic  peptide  library  method  that  is  based  on  the 
"one-bead  one-peptide"  concept  [1],  The  peptides  are  synthesized  on  solid-phase  beads 
using  a  "split  synthesis"  method  [1,  2]  resulting  in  a  huge  library  of  peptide  beads 
where  each  solid-phase  bead  expresses  only  one  peptide  entity  [1].  The  entire  library 
of  peptides  (lOMO8)  is  then  screened  and  the  reactive  bead  identified,  physically 
isolated,  and  microsequenced.  Since  the  Selectide  Technology  is  based  entirely  on 
synthetic  chemistry,  unnatural  amino  acids  and  even  non-peptide  chemical  subunits 
can  be  used  in  the  construction  of  the  chemical  library  [3].  In  this  paper,  we  report 
on  the  application  of  Selectide  Technology  in  identification  of  ligands  for  an  anti¬ 
insulin  monoclonal  antibody  (MoAb).  This  murine  Ab  (Clone  AE9D6)  recognizes  a 
discontinuous  epitope  of  insulin  with  a  binding  constant  of  0.01  pM. 

Results  and  Discussion 

Table  1  shows  the  various  motifs  identified  when  a  linear  or  cyclic  peptide 
library  was  screened  with  the  anti-insulin  MoAb.  Immediately  apparent  is  that 
several  distinct  peptide  motifs  were  identified  using  this  parallel  approach  of  peptide 
library  screening.  This  is  in  contrast  to  the  convergent  approach  of  screening  where 
an  iterative  process  was  used  [4],  and  only  one  motif  was  identified.  Table  1  also 
shows  that  the  motif  identified  is  dependent  on  the  length  as  well  as  the  secondary 
structure  of  the  library.  The  binding  affinities  of  most  of  these  ligands  identified 
during  the  primary  screen  are  relatively  low  (>10  pM).  A  sequential  screening 

approach  was  then  applied  to  one  of  these  motifs,  _  W _ GF,  identified  from  the 

primary  screen  (Table  2).  Based  on  the  motif  of  the  primary  screen,  longer  secondary 
libraries  were  synthesized  and  screened  under  higher  stringency.  This  process  was 
repeated  several  times  until  ligands  of  higher  affinity  were  finally  isolated.  The 
binding  affinity  (IC50)  of  the  best  ligand  identified  (SKQDIWGRGF)  thus  far  was 
0.05  pM,  5  fold  weaker  than  that  of  insulin,  the  native  ligand.  The  subsequent 
libraries  synthesized,  however,  need  not  be  linear.  We  are  in  fact  currently 
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developing  libraries  where  the  randomization  steps  are  carried  out  at  a  branching  arm 
from  the  middle  of  the  peptide  motif  identified  from  a  previous  screen.  It  is  hoped 
that  this  will  generate  additional  contact  points  resulting  in  ligands  with  affinities 
higher  than  that  of  insulin.  In  addition,  we  have  also  used  the  anti-insulin  MoAb  to 
screen  all  D- ami  no  acid  linear  hexa-  and  octa-libraries.  The  common  motif  identified 

was _ q  _  Gs_G.  This  motif  does  not  resemble  ligands  identified  from  the  L- 

amino  acid  libraries. 

Table  1  Peptide  motifs  identified  on  the  primary  screen  of  an  anti-insulin  MoAb 


Tetra 

QNPR 

Deca 

W  GF 

Penta 

FNW 

Quindeca 

W  GF 

FDW 

FDW 

QDPR 

W  GF 

Hexa 

W  GF 

FDW 

FNW 

Cyclic  7-mer 

CW_  _GF_  _C 

QDPR 

Cyclic  8-mer 

C  F  W  GGC 

Octa 

W  GF 

C _ HGVQC 

GF 

Nona 

GF  GF 

Cyclic  9-mer 

CQDI_Y_ _ C 

Table  2  Optimization  by  sequential  screening 


Motif 

_W__GF 

___WKYGF,  QJWG  GF 
NH_(G)WKYGF 
S(R/K)Q(D/A)IWG_GF 


Library 

1°  XXXXXX 
2°  XXXWXXGF 
3°  XXXXWKYGF 
XXQXIWGXGF 


The  VH  and  VL  genes  of  this  anti-insulin  MoAb  were  cloned  and  a  single  chain 
Ab  has  been  constructed.  This  single  chain  Ab,  when  compared  to  the  whole  native 
antibody,  showed  a  similar  but  not  identical  binding  profile  to  insulin  and  the  various 
peptide  ligands.  Work  is  currently  underway  to  use  this  single  chain  Ab  and  its  CDR 
loop  variants  to  explore  antibody-peptide  interaction  at  the  molecular  level. 
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Introduction 

Peptide  library  screening  has  been  proven  to  be  a  valuable  tool  in  identifying 
peptide  ligands  for  various  macromolecular  targets  [1].  Our  peptide  library  method 
(Selectide  Technology)  is  based  on  the  "one-bead  one-peptide"  concept  where  each 
individual  bead  expresses  only  one  peptide  entity  [2,  3].  Using  this  technology,  we 
have  identified  several  peptides  with  HPQ  and  HPM  motifs  that  interact  specifically 
with  streptavidin  [2].  When  a  histidine  depleted  library  was  used,  several  non-HPQ 
motifs  were  identified  [3],  When  avidin  was  used  as  a  target  macromolecule,  four 
new  peptide  motifs  were  identified.  One  of  these  motifs,  HPYP_,  binds  to  avidin  but 
not  to  streptavidin.  On  the  other  hand  HPQ  binds  to  streptavidin  but  not  to  avidin 
[3],  Weber  et  al.  [4]  have  reported  the  high  resolution  X-ray  crystallographic 
structure  of  streptavidin:  FSHPQNT  peptide  complex.  In  this  paper,  we  report  on 
our  continuing  work  on  using  streptavidin  as  a  model  system  to  screen  our  D-amino 
acid  containing  and  cyclic  peptide  libraries. 

Results  and  Discussion 

Table  la  shows  the  structure  of  the  D-amino  acid  containing  peptide  ligands 
isolated  when  penta-peptide  libraries  were  screened  with  streptavidin.  When  an 
XxXxX  penta-peptide  library  (wherein  'X  represents  L  amino  acids  and  'x*  represents 
D  amino  acids)  was  screened,  three  distinct  motifs  were  identified:  _  _WpH, 

_w(F/Y)pH  and  Y_  _fP.  Interestingly,  a  D-Pro-L-His  ( _ pH)  is  present  in  two  of 

these  three  motifs.  This  sequence  has  some  resemblance  to  that  of  HPQ  or  HPM 
when  an  all  L-library  was  screened.  In  contrast,  a  totally  different  motif  was 

identified  when  an  all  D-amino  acid  penta-peptide  library  was  screened:  wy _ a. 

Biotin  at  0. 1  pM,  completely  abolishes  the  binding  of  streptavidin  to  these  peptide- 
beads.  Furthermore,  similar  to  HPQ  and  HPM,  many  of  these  ligands  interact  with 
streptavidin  but  not  with  avidin. 
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Table  1  Ligands  that  internet  specifically  with  streptavidin 


XXXXX 


XaXxXx 


XXXXX 


HPQ 

WkWpH 

RwYpH 

wyqea  (3) 

wfrya 

HPM 

YgWpH 

DwFpH 

wyhea 

wymel 

QrWpH 

wydya 

LqWpH 

YvIfP 

wyefa 

AfWpH 

SyWpH 

YpFfP 

wyfya 

CXXXXC 

_ CXXXXXC _ 

_ cxxxxxxc _ 

HHPM 

HPQNV 

SHPQF 

HPQAPK 

HPQGPG 

NHPM 

HPQNN 

LHPQN 

HPQAPY 

HPQNGG 

QHPM 

HPQQV 

DHPQN 

HPQFAS 

HPQNAQ 

LHPM 

WHPQN 

HPQFAR 

HPQVG1 

HPMNA 

HPQFPA 

HPQSGM 

RHPQ 

HPMNP 

HPQFPQ 

HPQGPA  HHPQFP 


X  =  all  18  L  amino  acids  plus  glycine,  excluding  cysteine, 
x  =  all  18  D  amino  acids  plus  glycine,  excluding  cysteine. 

We  have  also  screened  some  cyclic  all  L-amino  acid  containing  libraries.  The 
results  are  shown  in  Table  lb.  Disulfide  cyclization  was  accomplished  by  incubating 
the  library  overnight  with  20%  dimethylsulfoxide.  Similar  to  the  linear  libraries, 
HPQ  and  HPM  motifs  were  both  identified.  However,  HPM  was  preferred  in  the 
cyclic  tetrapeptide  libraries  whereas  HPQ  was  preferred  in  both  cyclic  penta-  and  hexa- 
peptide  libraries.  Furthermore,  the  location  of  this  triplet  motif  with  respect  to  the 
flanking  cysteine  residues  depends  greatly  on  the  ring  size. 

Work  is  currently  underway  to  determine  the  binding  affinities  of  all  these 
ligands.  When  combining  these  data  with  X-ray  crystallography  and  computer 
modeling,  we  hope  to  gain  insights  into  the  understanding  of  peptide-protein  and 
ligand-protein  interactions  at  the  molecular  level. 
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Introduction 

The  Selectide  process  consists  of  three  parts:  (i)  synthesis  of  a  single  structure 
on  each  bead  in  a  "library";  (ii)  screening  the  library  in  a  solid  phase  binding  assay  or 
in  standard  solution-phase  assays;  and  (iii)  determination  of  structure  on  the  "active” 
bead  [1].  The  use  of  amino  acids  for  library  construction  was  the  first  step  toward  the 
generation  of  increasing  structural  diversity.  Libraries  based  on  amino  acids 
incorporate  a  limited  number  of  building  blocks;  however,  these  compounds  are  easy 
to  synthesize  and  sequence.  Libraries  of  non-peptidic  compounds  offer  greater 
diversity  of  structures,  but  may  require  an  alternative  means  of  structure 
identification,  such  as  coding  by  amino  acid  sequence  for  the  nonsequenceable 
building  blocks  [2]. 

Results  and  Discussion 

We  have  combined  the  simplicity  of  peptide  structures  with  the  diversity 
available  in  alternative  building  blocks  besides  regular  amino  acids.  The  simplest 
building  blocks  used  to  construct  the  library  are  given  in  Figure  1 .  We  have  used 
trifunctional  amino  acids  and  modification  of  a  side  chain  to  achieve  the  structural 
multiplicity.  Amino  acids  like  diaminobutyric  acid,  aspartic  acid,  cysteine  and/or 
iminodiacetic  acid  are  the  smallest  building  blocks  onto  the  side  chains  of  which  the 
universe  of  carboxylic  acids,  amines  or  halides  (aliphatic,  aromatic,  heterocyclic)  can 

be  attached.  To  achieve  reason¬ 
able  binding  to  a  neutral  accep¬ 
tor  (receptor,  antibody,  enzyme, 
nucleic  acid...),  the  appropriate 
spatial  arrangement  of  the  inter¬ 
acting  structures  must  be  realized. 
Linear  presentation  of  amino  acid 
side  chains  in  peptide  libraries 
may  not  be  the  optimal  format 
for  selection  of  the  best  binding 
structures. 

Fig.  /.  Blocks  used  for  randomization. 
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Fig.  2.  Structure  of  nonpeptide  library  on  nonpeptidic 
(A)  and  on  peptkbc  (B)  scaffolding. 


The  optimal  strategy  for 
displaying  the  interacting 
structures  might  be  their 
placement  onto  a  molecular 
scaffolding  which  might  map 
the  appropriate  segments  of 
space.  Inter-relationships  of 
the  same  set  of  individual 
building  blocks  in  the 
scaffolding  arrangement  can  be 
varied  using  different 
scaffolding. 


As  an  example  of  a  small  non-peptidic  scaffolding,  we  have  built  a 
conformationally  constrained  scaffolding  based  on  modified  Kemp's  triacid  and 
constructed  a  non-peptide  library  with  20  different  carboxylic  acids  randomized 
(Figure  2A).  Another  scaffolding  mapping  larger  conformational  space  is  a  simple 
branched  attachment  constructed  by  consecutive  coupling  of  diamino  carboxylic  acids 
(Figure  2B).  The  synthesis  of  this  scaffold  required  the  use  of  four  independent 
(orthogonal)  protecting  groups  (Tfa,  Npys,  Fmoc,  Ddz).  Unnatural  building  blocks 
can  be  combined  in  the  library  with  standard  amino  acids.  A  small  library  was 
synthesized  with  amino  acids  randomized  in  position  1,  2  and/or  3  and  (i)  a  set  of 
aromatic  amines  coupled  to  the  P -carboxyl  group  of  aspartic  acid,  (ii)  a  side  chain 
modified  iminodicarfooxylic  acid,  (iii)  aromatic  acids  coupled  to  the  side  chain  of 
diaminobutyric  acid,  or  (iv)  benzylhalides  coupled  to  the  side  chain  of  sulfur 
containing  amino  acids  (cysteine  and  penicillamine)  in  position  4.  In  this  case 
doublets  of  6  amino  acids  were  used  to  code  for  36  different  building  blocks  in 
position  4  which  were  not  directly  sequenceable. 

A  linear  library  and  both  scaffold-based  libraries  were  screened  in  our  model 
systems  to  determine  ligands  to  anti-p-endorphin  monoclonal  antibody  and 
streptavidin.  Positively  reacting  beads  were  subjected  to  Edman  degradation,  and  the 

inter-acting  structures,  deduced 
from  the  obtained  data  are 
given  in  Figure  3.  These 
compounds  were  resynthesized 
and  have  shown  specific  bind¬ 
ing  (competable  by  leucine 
enkephalin  or  biotin, 
respectively). 

Fig.  3.  Structures  interacting  with  anti- 
*- endorphin  (A)  and  streptavidin  (B) 
found  in  the  test  libraries. 
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Introduction 

The  simulation  of  epitope-receptor  binding  by  the  use  of  libraries  of 
immobilized  short  peptides  has  generated  much  interest.  The  peptide-support  linker 
arm  sometimes  changes  the  binding  characteristics  of  short  peptides  towards  their 
targets,  generating  misleading  results  in  some  systems  [1].  Short  peptide  fragments 
may  also  fail  to  duplicate  the  desired  receptor  binding  because  they  lack  the 
conformation  imposed  on  the  native  fragments  by  protein  secondary  and  tertiary 
structure.  To  address  these  issues,  the  affinity  of  several  glutathione  analogs  [2] 
immobilized  on  a  cellulose  planar  array  for  glutathione-S-transferases  (GSTs)  was 
compared  with  the  Kj  va’ues  obtained  with  the  enzymes  and  free  ligand.  Two  other 
arrays  containing  peptide  fragments  designed  to  mimic  a-helical  portions  of  protein 
A,  known  to  be  in  contact  with  IgG,  were  synthesized  and  tested  for  their  ability  to 
bind  IgG.  A  cyclic  loop  of  5  residues  was  moved  through  the  sequence  in  each  array. 
Allyl  side  chain  based  methods  [3]  were  used  to  generate  the  library  of  cyclic 
structures.  A  sandwich  type  assay  using  alkaline  phospha'r.se  suggested  differential 
binding  of  IgG  to  one  of  the  arrays.  Several  of  the  immobilized  cyclic  peptides  were 
characterized  by  AAA  and  sequence  analysis.  These  results,  along  with  the  assay 
above  and  computational  studies,  were  used  to  select  a  sequence  to  be  made  at  a  larger 
scale,  purified  by  HPLC  and  made  into  an  affinity  sorbent. 

Results  and  Discussion 

Glutathione  (GSH)  analogs  were  prepared  on  amine  functionalized  cellulose  [4] 
by  using  Fmoc  amino  acids  and  diisopropylcarbodiimide  (DIPCDI)  mediated 
coupling.  A  matrix  approach  was  employed  to  generate  20  immobilized  analogs:  five 
different  C-terminal  amino  acids  were  coupled  to  horizontal  rows,  then  four  different 
modified  cysteine  derivatives  were  added  to  the  vertical  columns,  giving  20  different 
dipeptides.  To  all  of  these  was  added  y-glutamic  acid,  giving  an  array  of  20  GSH 
analogs.  The  immobilized  peptides  were  deprotec  ted  with  TFA  and  rinsed.  Differential 
binding  affinities  of  representatives  of  the  major  GST  isozyme  groups  A,  M,  and  P 
to  the  array  were  demonstrated  by  binding  these  GSTs,  followed  by  enzyme-linked 
antibody  visualization.  Table  1  shows  the  qualitative  response  of  the  three  GSTs  to 


1009 


M.H.  Lyttle  et  aL 


Peptide  Libraries 


five  of  the  immobilized  analogs  compared  to  the  solution  phase  inhibition  of  the 
same  GSTs. 

Table  1  Qualitative  response  of  three  GSTs  to  five  immobilized  GSH  analogs,  with 
inhibition  values  of  the  free  ligands 


Compound  Immobilized  Free  inhibition  KjS,  pM 


A 

M 

P 

A 

M 

P 

y-E-C(5-4-methylbenzyl)-P- alanine 

S 

M 

M 

43 

2.1 

40 

y-E-C(5-benzyl)-^-alanine 

S 

W 

M 

360 

22 

710 

y-E-C(S-benzyl)4-aminobutyric  acid 

S 

W 

S 

220 

67 

685 

y-E-C(S-benzyl)-phenyl  glycine 

M 

M 

M 

20 

25 

0.45 

Y-E-C(S-benzyl)-G 

M 

M 

S 

4.6 

2.3 

14 

S  =  Strong,  M  =  Medium  and  W  =  Weak  visualization  spot  with  alkaline  phosphatase. 
Inhibition  measured  using  GSH  and  chlorodinitro  benzene  (CDNB)  as  substrates.  Standard 
amino  acid  code  used.  Free  analogs  >  90  %  pure  by  HPLC.  GST  isozyme  groups  A,  M  and  P. 

Treatment  of  immobilized  glutathione  analogs  with  the  visualization  antibody 
also  gave  a  pattern  of  variable  intensity  spots,  and  this  was  difficult  to  subtract  from 
the  results  with  GSTs.  Table  1  shows  that  the  inhibition  of  enzyme  by  free  ligand 
does  not  match  the  pattern  observed  on  the  array  (lower  concentration  inhibitory 
ligand  should  give  stronger  binding).  Nevertheless,  this  system  could  be  used  to 
determine  the  identity  of  an  unknown  GST  enzyme  by  pattern  recognition  applied  to 
the  binding  profile.  When  several  of  these  ligands  were  immobilized  at  their  N- 
terminus  and  used  as  affinity  sorbents,  the  observed  binding  more  closely  matched  the 
free  inhibition  values  [5].  In  the  second  planar  array  system  we  studied,  two  peptides 
were  selected  from  published  data  [6]  showing  that  these  regions  of  protein  A  were 
important  for  binding  to  the  Fc  region  of  IgG.  DEEQRNGFIQSLKD  and 
DQQNAFYEILHLPN  were  synthesized  on  cellulose  using  the  same  chemistry  as 
above.  A  loop  structure  linking  carboxy  and  amino  acid  side  chains  five  amino  acids 
apart  was  “walked”  through  the  structure  from  the  second  to  penultimate  residues. 
Table  2  shows  these  libraries.  E  and  O  represent  side  chain  linked  glutamic  acid  and 
ornithine. 

Table  2  Cyclic  peptide  sequences.  Underlined  sections  denote  location  of  5  amino 
acid  cyclic  structure 


SERIES  1 

# 

SERIES  2 

# 

DEEOROGFIOSLKD 

1-8 

DEONAOYEILHLPN 

2-8 

DEEORNOFIOSLKD 

1-7 

DOEN  AFOEILHLPN 

2-7 

DEEERNGOIOSLKD 

1-6 

DOOEAFYOn.HI.PN 

2-6 

DBEOENGFOOSLKD 

1-5 

DOONEFYEOLHLPN 

2-5 

DEEOREGFIOSLKD 

14 

DOONAEYEIOHLPN 

24 

DEEQRNEFIQOLKD 

1-3 

nOONAFEEn.OI.PN 

2-3 

DEEORNGEIOSOKD 

1-2 

DOONAFYEn  HOPN 

2-2 

DEEORNGFEOSLOD 

1-1 

DOONAFYFEI  HI  ON 

2-1 
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These  arrays  were  treated  with  a  solution  of  biotinylated  IgG,  followed  by 
visualization  with  avadin  alkaline  phosphatase  and  NBT/BCIP  [7].  Differential  signal 
intensity  was  observed  with  series  two,  with  sequence  2-2  giving  the  best  response, 
while  the  peptides  in  series  1  gave  roughly  the  same  signal.  Controls  of  each  peptide 
array  without  IgG  showed  high  background  signal  with  more  nearly  uniform 
intensity.  This  non-specific  binding  is  a  caveat  not  always  recognized  with  these 
systems,  which  influences  conclusions  that  can  be  drawn  with  the  binding  study. 
Several  of  these  peptides  were  analyzed  directly  by  AAA  and  Edman  degradation 
sequencing,  without  prior  cleavage  from  the  cellulose.  All  of  the  samples  showed 
similar  loading  by  AAA,  however  the  sequencing  data  of  some  of  the  samples 
suggested  that  crosslinking,  and  not  the  desired  internal  cyclization  was  occurring. 
This  suggests  different  strain  in  forming  these  small  rings,  depending  on  the 
sequence.  Sequence  2-2  above  gave  the  best  sequencing  results,  with  low  PTH 
signals  at  the  E  and  O  residues  involved  in  the  cyclic  structures,  indicative  of  a  cyclic 
structure.  This  sequence  was  synthesized  using  a  Milligen/Biosearch  9500  synthesizer 
on  5  g  of  PEG  polystyrene  resin,  yielding  43  mg  of  93%  pure  cyclic  peptide,  by 
HPLC.  Synthesis  of  2-4  and  2-8  with  identical  methods  gave  mixtures  of  products 
from  which  no  single  peptide  could  be  isolated.  Evaluation  of  purified  2-2  as  an 
affinity  ligand  for  IgG  is  in  progress. 

The  discrepancy  in  the  binding  of  GSTs  to  immobilized  GSH  analogs  versus 
the  free  inhibition  values  questions  the  use  of  immobilized  peptide  libraries  in  the 
search  for  lead  inhibitory  compounds  of  GSTs.  In  the  second  system,  libraries  of 
immobilized  cyclic  peptides  were  shown  to  be  empirically  useful  in  the  selection  of  a 
compound  for  synthesis  at  a  larger  scale.  This  methodology  may  therefore  be  useful, 
either  by  planar  array  or  automated  multiple  peptide  synthesis  at  a  small  scale,  in 
choosing  other  cyclic  peptide  candidates  for  larger  scale  synthesis  and  purification. 
Background  signal  with  antibody  based  visualization  was  a  problem  in  both  systems. 
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Introduction 

Substrate  selectivity  is  a  fundamental  property  of  protease  action  and  is  of 
primary  importance  in  the  characterization  of  the  protease,  in  the  mechanism-based 
design  of  inhibitors,  and  in  the  allotment  of  physiological  function.  We  have  sought 
to  design  and  develop  a  new  technology  for  the  rapid  and  comprehensive 
characterization  of  substrate  selectivity  by  the  chemical  synthesis  and  enzymologic 
evaluation  of  large  numbers  of  peptides  which  are  attached  to  a  solid-phase  matrix: 
an  "immobilized  peptide  array"  (IPA).  We  decided  that  this  technology  should  neither 
require  nor  presume  any  preliminary  knowledge  of  the  substrate  specificity  of  the 
protease  under  study,  and  that  unlike  other  methods  utilizing  synthesis  of  peptide 
"libraries"  [1],  our  approach  should  allow  timely  access  to  a  complete  resolution  of 
every  component  of  the  array  under  study. 

Results  and  Discussion 

A  cornerstone  of  our  strategy  was  that  the  action  of  the  protease  on  the 
immobilized  substrate  would  release  an  easily  detected  species  into  the  solution 
phase,  which  could  then  be  readily  separated  from  the  solid-phase  and  quantified. 
Thus,  protease  incubation  of  an  N-terminal  fluorescence-tagged  peptide  substrate 
covalently  linked  to  a  solid  matrix  would  release  a  fluorescence-tagged  fragment  into 
the  solution  phase.  This  fragment  can  then  be  recovered  simply  by  removal  of  an 
aliquot  of  supernatant  from  the  incubation  medium.  Also,  the  C-terminal  fragment 
of  the  cleaved  substrate  can  be  characterized  by  Edman  sequencing  methods.  This 
strategy  thus  focuses  analysis  towards  active  substrate  sequences  to  a  complete 
resolution  of  every  component  of  the  array  under  study  in  two  steps:  fluorogenic 
detection  followed  by  sequence  analysis.  Our  first  goal  was  to  select  an  appropriate 
solid  phase  for  both  the  chemistry  of  solid-phase  peptide  synthesis  and  enzymology 
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in  aqueous  media:  controlled-pore  glass  (CPG)  functionalized  with  aminopropyl 
(Amp)  groups  seemed  to  possess  the  required  properties.  We  decided  to  include  a 
"spacer"  of  six  aminocaproic  acid  (Acp)  moieties  to  distance  the  potential  substrate 
sequence  away  from  the  glass  allowing  access  to  the  protease.  After  evaluating  a 
number  of  fluorescent  species,  we  found  that  the  7-hydroxycoumarin-4-propionoyl 
group  (Cop)  was  an  excellent  "tag”  for  our  purpose  [2].  At  this  time,  we  also 
systematically  investigated  the  influence  of  (Acp)n-based  linkers  on  immobilized 
substrates  for  thermolysin,  and  found  that  optimal  linker  length  was  at  7-8  Acps,  and 
appeared  to  be  independent  of  sequence.  Having  established  the  feasibility  of  IP  As  as 
protease  substrates  for  thermolysin,  our  next  objective  was  to  use  the  technology  to 
investigate  the  substrate  selectivity  of  more  physiologically-relevant  enzymes.  The 
first  "application"  goal  chosen  for  our  new  technology  was  to  identify  selective 
substrates  for  the  matrix-metalloproteases  collagenase  and  stromelysin.  We  wished 
to  achieve  a  selectivity  ratio  of  100,  that  is,  we  would  seek  to  discover  a  substrate  for 
collagenase  (col)  with  a  kcat/K^  >100  times  its  kcat/K,,,  for  stromelysin  (str),  and 
vice  versa. 


"Alanine  Sean"  on  GPLALF 
■tth  CM  and  St-t 


We  planned  to  synthesize  the  initial  peptide  probes  in  a  "window"  within  an 
alanine  matrix  "frame".  Thus,  in  the  construct  Cop-A-A-X-X-X-A-A-(Acp)6-Amp- 
Cpg,  the  sequence  A-A-X-X-X-A-A  is  a  heptapeptide  alanine  frame  encompassing  an 
X-X-X  tripeptide  window.  In  order  to  determine  the  size  of  the  frame,  and  the  size 
and  design  of  the  window,  we  carried  out  "alanine  scans"  on  the  known  collagenase 
substrate  GPLALF.  The  enzyme  data  for  these  peptides  is  shown  in  Figure  1.  The 
P3  proline  residue  was  crucial  for  substrate  activity  with  both  col  and  str.  The  P,’ 
leucine  was  necessary  only  for  mCl-t  (3J.  The  P2  A  for  L  substitution  resulted  in  a 
"better"  substrate  with  both  enzymes,  while  alanine  substitution  at  P4  glycine  or  P2' 
phenylalanine  was  at  least  tolerated  by  each  enzyme.  With  this  information  in  hand, 
it  was  clear  that  a  P-X-X-L  sequence  was  necessary  for  cot  to  recognize  a  substrate. 
These  data  supported  our  plan  to  construct  a  three-volume  primary  library  (Cop-A-A- 
X-A-X-B-A-(Acp)6-Amp-CPG,  Cop-A-A-X-X-A-B-A-(Acp)6-Amp-CPG  and  Cop-A- 
A-A-X-X-B-A-(Acp)6-Amp-CPG )  in  which  X  is  a  position  utilizing  a  serial  cassette 
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of  20  ami  noacids  arranged  in  an  array  of  20  tubes.  The  cassette  included  the  20  coded 
aminoacids  with  S-methylcysteine  (U)  substituted  for  cysteine.  B  is  a  position  where 
the  20  aminoacid  cassette  is  incorporated  as  an  equimolar  mixture  in  a  single  tube 
assembled  via  a  protocol  similar  to  that  outlined  by  Furka  [4].  Thus  each  volume 
consists  of 400  tubes  (a  20x20  matrix),  each  tube  containing  20  sequences  degenerate 
at  B.  The  A-A-X-A-X-B-A  volume  will  be  used  to  exemplify  the  technology:  this 
was  assembled  in  five  racks  on  a  modified  Advanced  Chemtech  3S0  synthesizer 
utilizing  a  custom-designed  "weighing  station"  based  on  a  Hewlett  Packard  Orca 
robot.  Each  rack  was  composed  of  80  tubes  containing  1600  sequences,  plus 
positive  and  negative  controls.  Data  for  the  LJM.N  and  P  sets  for  col  with  this 
volume  (AAXAXBA)  is  shown  at  the  top  of  this  page. 

The  set  is  named  after  the  aminoacid  X  AAXAXBA.  The  second  X  position 
(AAXAXBA)  is  defined  by  the  tube  in  the  set,  for  example  the  first  tube  in  the  L  set 
is  AALAABA.  Several  observations  can  be  made  from  these  data:  firstly,  there  is 
remarkable  consistency  between  the  L,  M  and  N  sets,  all  of  these  have  an  identical 
profile  with  U>L>M>I>Q>Y.  However,  the  P  set  is  different  with  a  profile  of 
N>U>A>D=M>P.  The  significance  of  these  data  will  become  clearer  with  a 
breakout  of  the  P,'(B)  position,  as  we  will  find  a  shift  in  the  site  of  cleavage  for 
some  sequences;  however,  it  is  tempting  to  speculate  that  the  P3(P)  residue  imposes 
a  conformational  constraint  which  is  "enzyme-friendly"  in  the  case  of  P,(N). 

The  ability  to  establish  B  identity  by  sequence  analysis  is  a  cornerstone  of  1ST 
strategy.  B  breakout  of  the  AAPANBA  tube  by  one  cycle  of  sequencing  shows 
unambiguously  that  the  "activity"  of  this  tube  is  due  essentially  to  four  residues 
U>L>I>M.  Breakout  of  this  tube  by  synthesis  of  the  individual  components,  and 
enzymologic  evaluation  confirmed  the  same  four  active  sequences  with  essentially  the 
same  relative  activity.  B  breakout  of  AAPA(M,U)BA  tubes  differs  from  the 
AAPANBA  in  that  there  is  essentially  a  single  residue  (M  and  U  respectively)  in  the 
first  cycle  of  sequencing.  This  ambiguity  is  resolved  by  a  second  sequencing  cycle. 
These  data  suggest  that  for  the  AAPA(M,U)BA  tubes  cleavage  occurs  predominantly 
at  the  A-(M,U)  position.  The  identification  of  this  "frame  shift",  in  which  the 
potential  for  an  M  or  U  residue  to  occupy  a  P,'  position  can  override  the  dominance 
of  a  P3  directing  proline  residue,  relegating  it  to  the  P2  position,  is  an  example  of  the 
power  of  the  IPA  methodology  in  understanding  the  complexities  of  protease 
substrate  selectivity. 

We  are  currently  continuing  the  development  of  IPA  technology  and  extending 
IPA  investigations  to  other  enzymes. 
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Introduction 

Peptide  libraries  have  been  shown  to  identify  peptide  antigenic  determinants 
accurately  and  efficiently  [1-5].  A  more  difficult  challenge  is  the  identification  of 
antigenic  determinants  recognized  by  monoclonal  antibodies  raised  against  protein 
antigens.  Using  two  different  peptide  libraries  and  competitive  ELISA,  we  have 
identified  several  hexapeptides  that  inhibit  the  binding  of  a  monoclonal  antibody  to 
the  surface  antigen  of  hepatitis  B  virus  (HBsAg).  Four  of  the  six  residues  of  the 
most  effective  peptides  identified  have  sequence  homology  with  residues  1 14-1 17  of 
HBsAg. 

Results  and  Discussion 

The  first  synthetic  peptide  combinatorial  library  (SPCL)  consists  of  two 
positions  defined  with  each  of  the  20  L-amino  acids  (O)  and  four  positions  as 
mixtures  (X),  and  is  represented  as  Ac-0|02XXXX-NH2  [1,  2],  The  other  peptide 
library  is  a  positional  scanning  SPCL  (PS-SPCL),  which  is  made  up  of  six 
individual  positional  peptide  libraries,  each  one  consisting  of  hexamers  with  a  single 
position  defined  and  the  other  positions  as  mixtures  [3].  Both  peptide  libraries  were 
screened  for  inhibition  of  the  binding  of  a  monoclonal  antibody  (mAb)  to  HBsAg 
using  competitive  ELISA. 

Upon  screening  the  first  SPCL  (Ac-0,02XXXX-NH2),  the  most  effective 
peptide  mixtures  found  to  inhibit  mAb  binding  to  HBsAg  contained  either  serine  or 
threonine  in  the  first  two  positions.  An  iterative  screening  and  synthesis  process  for 
the  SPCL  was  carried  out  to  define  the  remaining  mixture  positions  of  Ac-STXXXX- 
NH2.  The  amino  acids  found  to  be  the  most  effective  at  positions  three  and  four  were 
threonine  and  serine,  respectively.  Leucine  and  methionine  were  found  to  be  equally 
effective  at  the  fifth  position,  but  only  leucine  was  followed.  Upon  defining  the 
sixth  position,  the  most  effective  peptides  were  Ac-STTSLI-NHj  (IC^  =  1 ,8pM)  and 
Ac-STTSLM-N^  (IC*  =  2.6pM). 

Screening  of  the  PS-SPCL  yielded  several  peptides  that  effectively  inhibited 
mAb  binding  to  HBsAg.  The  amino  acid  residues  of  the  most  effective  inhibiting 
peptide  mixtures  at  each  position  are  shown  in  Table  1A.  The  16  individual 
peptides,  representing  the  combinations  of  these  amino  acids,  were  synthesized  and 
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assayed  by  competitive  ELISA  to  confirm  the  results  of  the  PS-SPCL  screening 
(Table  IB).  By  comparing  the  peptide  sequences  derived  from  both  peptide  libraries, 
we  found  that  at  least  four  of  the  six  residues  exactly  matched  those  found  in  the 
known  HBsAg  sequence,  namely  residues  114-117  (-STTS-).  Since  the  relative 
affinity  of  the  mAb  for  Ac-STTSMM-NH2  is  nearly  30-fold  lower  than  for  HBsAg, 
the  -STTS-  motif  probably  represents  the  linear  portion  of  a  larger,  possibly 
discontinuous,  antigenic  determinant  of  HBsAg  recognized  by  this  mAb. 

Table  1  Peptide  combinations  derived  from  the  screening  of  the  PS-SPCL 


A 

Position:  1 

Amino  acid:  S 

2  3 

S,  T  T 

4  5  6 

P,  S  A,  M  H,  M 

B 

Peptide 

ICsoOlM) 

AcSTTSMM-NH2 

0.390 

Ac-SSTSMM-NH2 

0.873 

Ac-STTSAM-NH2 

2.8 

Ac-SSTSAM-NH2 

17 

Ac-STTSMH-NHj 

19 

Ac-SSTSMH-NH2 

81 

all  others 

>100 
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Introduction 

The  aptly  named  peptide  library  [1,  2],  combinatorial  peptide  library  [3],  or 
portioning  mixing  method  [4],  are  all  manifestations  of  a  strategy  to  produce 
mixtures  of  peptides  for  rapid  screening.  This  methodology  greatly  advances  peptide- 
based  drug  discovery  through  the  synthesis  and  assay  of  mixtures  of  thousands  or 
even  millions  of  peptides  at  once,  rather  than  one  peptide  at  a  time. 

The  fastest  method  of  generating  a  large  number  of  peptides  by  chemical 
synthesis  is  by  synthesis  carried  out  on  solid  phase  support  [5,  6].  A  methodology 
has  been  reported  by  Hruby  and  Furka  for  the  preparation  of  various  peptide  libraries 
and  sub-libraries  by  the  solid  phase  process  [7,  8].  Modern  automated  peptide 
synthesizers  with  precise  liquid  delivery  when  combined  with  high  quality  protected 
amino  acids  and  mild  deprotection  methods  are  quite  capable  of  producing  peptides  of 
purity  more  than  sufficient  for  effective  peptide  libraries.  The  libraries  can  be  utilized 
in  the  resin-bound  form  or  cleaved  to  produce  a  lyophilized  peptide  library,  depending 
on  the  requirements  of  the  assay. 

The  synthesis  of  a  peptide  library  and  of  18  sub-libraries  based  on  a 
heptapeptide  root  sequence  using  a  new  multiple  peptide  synthesizer  specifically 
adapted  to  the  fully  automated  synthesis  of  combinatorial  peptide  libraries  is 
described.  The  effort  was  undertaken  to  ascertain  how  well  chemically  produced 
peptide  libraries  complement  phage  generated  libraries. 

Results  and  Discussion 

The  synthesis  was  carried  out  on  an  ACT  Model  357  Librarian ™  multiple 
peptide  synthesizer  specialized  for  the  fully  automated  synthesis  of  combinatorial 
peptide  libraries.  The  instrument  consists  of  a  robotic  bench-top  chemistry  unit 
controlled  by  an  IBM  microcomputer  and  equipped  with  two  independent  robotic 
arms.  Considerable  complexity  in  synthesis  parameters  can  be  accommodated, 
enabling  the  scientist  to  program  for  variables  such  as  sequence  length,  number  of 
beads  per  peptide,  number  of  peptides  per  library  and  sub-library,  and  chemical 
modifications  like  acetylation,  biotinylation,  or  use  of  unusual  amino  acids. 

The  approach  to  peptide  library  synthesis  that  was  employed  is  one  in  which  a 
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"root  peptide"  was  modified  through  a  specified  protocol  to  produce  main  libraries  and 
sub-sets  ("sub-libraries")  of  from  hundreds  to  millions  of  different  peptides.  The 
"root  peptide”  was  the  basic  framework  upon  which  modifications  were  conducted  to 
produce  the  desired  library  and  sub-libraries.  It  consisted  of  the  starting  resin  or 
AA-resin  plus  all  the  sequence  variables  including  sequence  length.  Fixed  and 
variable  amino  acids  were  defined  for  each  position  in  the  root  sequence. 

The  "root”  heptapeptide,  Biotin-Asp-X2-X3-Asp-Asp-X6-Asp-Resin,  thus 
contains  four  "constant"  amino  acids  and  three  variable  positions  which  were  further 
specified  as  follows: 

X6  is  every  common  L-amino  acid  except  Asp  and  Cys 
X3  is  every  common  L-amino  acid  except  Lys  and  Cys 
X2  is  every  common  L-amino  acid  except  Tyr  and  Cys 

Thus,  each  variable  position  calls  for  18  amino  acids.  For  the  cycle  specifying 
X6,  the  growing  resin  was  automatically  and  precisely  distributed  to  1 8  individual 
reactors  for  coupling  steps,  then  recombined  in  a  larger  resin  mixing  vessel.  A 
sensitive  detector  contained  in  one  of  the  robotic  arms  of  the  Librarian ™  enabled  the 
precise  distribution  of  the  peptide  resin.  For  cycle  X3  the  resin  mixture  was 
subsequently  redivided  into  18  equal  amounts  back  into  the  smaller  reactors,  coupled 
to  the  next  amino  acid  and  recombined  into  the  mixing  vessel.  When  it  was  desirable 
to  keep  a  position  constant  while  varying  the  others  [9],  ( i.e Fmoc-Asp(OBut)  in 
the  experiment  described),  the  coupling  and  deprotection  took  place  in  the  mixing 
vessel  itself  rather  than  in  the  smaller  reactors.  To  maximize  coupling  efficiency 
forcing  conditions  were  used,  typically  DIC/HOBt  in  six  fold  excess.  After  coupling 
cycle  X2,  the  peptide  resins  were  not  recombined  and  the  final  two  cycles  were 
completed  in  the  18  reactors.  In  this  manner  18  sub-libraries  containing  324  peptides 
were  completed.  After  25  mg  of  each  sub-library  was  removed  from  each  reactor,  the 
remainder  in  each  reactor  was  recombined  in  the  mixing  vessel  to  create  the  main 
library  containing  5,832  peptides.  The  cycle  time  was  2-3  hours  enabling  these 
hexapeptide  libraries  to  be  synthesized  in  less  than  a  day. 

The  "root  peptide"  utilized  in  this  experiment  is  a  derivative  of  the  FLAG 
peptide/M2  monoclonal  antibody  epitope  system  [10].  The  FLAG  peptide  (Asp-Tyr- 
Lys-Asp-Asp-Asp-Asp-Lys)  was  originally  engineered  as  a  "tag"  for  immunoaffinity 
purification  of  genetically  engineered  proteins.  Using  a  phage  library,  a  core  peptide 
for  recognition  by  the  M2  antibody  was  determined  to  be  X,-Tyr-Lys-X4-X5-Asp-X7- 
X8  [11],  The  root  peptide  was  purposely  chosen  to  exclude  the  core  peptide 
determined  by  the  phage  library  in  order  to  determine  if  additional  residues  could  be 
identified  as  core  residues  using  a  free  peptide  library.  Thus  positions  2,  3  and  6 
contained  specified  variables  as  described  above.  The  result  is  a  library  containing 
5,832  peptides.  At  the  same  time,  simply  by  not  combining  the  entire  resin  back 
into  the  main  mixing  chamber,  1 8  sub-libraries  are  already  created  in  which  X2  is 
individually  fixed  as  a  specific  residue.  The  main  library  can  be  screened  and  if  it  is 
positive,  one  is  already  positioned  to  determine  which  X2  residue  is  involved. 

The  resin  splitting-recombining  approach  to  the  solid  phase  synthesis  of  peptide 
libraries  was  shown  to  be  capable  of  efficiently  producing  libraries  and  sub-libraries 
required  by  scientists  engaged  in  antibody  research,  drug  discovery  and  other  screening 
activities.  This  tactic  produced  evenly  distributed  mixtures  and  did  not  rely  on 
coupling  a  mixture  of  amino  acids.  The  procedure  utilized  a  root  peptide  with 
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constant  and  variable  amino  acid  positions  specified.  The  Librarian ™  was  sufficiently 
flexible  to  permit  the  use  of  a  variety  of  chemistries  and  starting  resins  and  to  specify 
the  library  or  sub-library  size,  length  of  peptides,  number  of  resin  bead  per  peptide 
and  other  parameters.  The  efficiency  of  the  system  enables  the  typical  library  to  be 
synthesized  in  under  a  day.  With  certain  positions  fixed,  practical  libraries  of 
peptides  greater  than  heptapeptide  size  can  be  synthesized  within  reasonable  time 
frames  and  will  contain  useful  concentrations  of  each  peptide. 
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Introduction 

In  recent  years,  a  number  of  different  methods  of  multiple  peptide  synthesis 
(MPS)  have  been  devised  for  a  variety  of  applications  including  epitope  mapping, 
systematic  screening  and  generation  of  so-called  peptide  libraries  comprising 
thousands  of  peptides  [1].  A  forerunner  of  these  MPS  approaches,  the  multipin 
peptide  synthesis  procedure  of  Geysen  and  coworkers  [2],  was  originally  designed  for 
solid  phase  screening  of  nmol  quantities  of  pin-bound  peptides  but  has  evolved  to 
allow  preparation  of  free  peptides  with  native  and  other  endings  at  pmol  quantities. 
We  have  used  this  new  generation  multipin  approach  to  prepare  thousands  of  peptides 
and  have  recorded  information  on  sequence  solubility,  purity  and  difficulty  in  a 
database  format.  An  analysis  of  this  data  including  a  retrospective  analysis  of  peptide 
"difficulty"  using  two  published  predictive  methods  is  discussed. 

Results  and  Discussion 

Previously,  pins  were  prepared  as  a  single  piece  rod  with  a  spherical  pinhead  and 
radiation  grafted  with  acrylic  acid  to  give  a  support  for  solid  phase  peptide  synthesis 
at  the  50-100  nmol  scale.  To  expand  the  scope  of  application  of  the  multipin 
method,  we  prepared  a  number  of  new  pins  in  a  detachable  crown  format  with 
increased  surface  area  for  increased  peptide  loading  [3].  In  addition,  after  testing  a 
range  of  new  monomers,  we  replaced  acrylic  acid  with  2-hydroxyethylmethaciylate 
(H2C=C(CH3)C02CH2CH20H,  HEMA)  as  the  grafted  polymer.  Radiation  grafting 
of  HEMA  to  polyethylene  pins  results  in  higher  %  polymer  grafts  and  therefore  a 
higher  loading  capacity.  Fmoc-^-alanine  was  attached  to  the  various  pin  types  by 
esterification  to  the  HEMA  hydroxy  groups  in  order  to  determine  useable  loadings 
and  to  determine  the  efficiency  of  amino  acid  couplings  on  the  new  polymer  surface. 
Loadings  of  1-10  pmol  of  ^-alanine  were  achieved  on  various  size  crown-shaped 
pinheads.  Coupling  of  Fmoc-Arg(Pmc)-OH  by  PyBOP  activation  at  0.06M  to  f$- 
Ala-crowns  at  loadings  from  1-10  fimol  was  complete  within  30  min  indicating  that 
the  efficiency  was  comparable  to  conventional  solid  phase  resins.  To  assess  peptide 
quality  on  the  new  pins,  a  number  of  different  peptides  were  assembled  on  pins  with 
acid  labile  handles  at  7pmol  loading  using  Fmoc-amino  acids  with  BOP  couplings. 
Assembled  peptides  were  deprotec  ted  and  cleaved  from  the  pins  using  TF  A/scavenger 
mix  within  centrifuge  tubes.  This  significantly  streamlines  this  process  as  the  pins 
are  removed  after  cleavage  and  the  peptides  isolated  by  a  series  of  ether/petrol 
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precipitation  steps.  We  have  simultaneously  cleaved  up  to  200  peptides  at  the  10 
pmol  scale  using  this  approach.  The  quality  of  peptides  produced  on  the  HEMA-pins 
was  excellent  and  comparable  to  that  achieved  on  the  highly  efficient  Tentagel  resins 
as  demonstrated  by  parallel  synthesis  of  various  sequences  on  both  supports.  Figure 
1  shows  the  purity  distribution  obtained  from  the  synthesis  of  1545  peptides. 


Purity  distribution 

1 545  peptides  (all) 


Purity  distribution 

487peptides  (16-20  mer) 


Purity  distribution  Purity  distribution 

766peptides  (10-15  mer)  60peptides  (21-25  mer) 


Fig.  1.  Purity  distribution  from  the  synthesis  of  1545  peptides  on  HEMA-pins. 

Analysis  of  the  histogram  for  all  1545  peptides  shews  that  60%  of  the  crude 
peptides  prepared  were  >60%  pure  which  was  an  excellent  result  given  that  peptides 
up  to  35  mers  were  included.  Analysis  of  purity  distribution  at  specific  lengths 
shows  as  expected  that  as  peptide  length  increases,  average  crude  purity  drops. 

We  used  two  published  methods  of  peptide  difficulty  prediction  [4, 5]  to  analyze 
the  data  we  generated  from  1545  syntheses  retrospectively.  Both  methods  point  to 
intramolecular  aggregation  caused  by  B-sheet  hydrogen  bonding  as  a  major  source  of 
difficult  peptide  couplings.  The  first  method  [4]  calculates  an  average  random  coil 
propensity  value  Pc*  for  each  peptide  which  is  a  measure  of  the  propensity  for  that 
peptide  to  form  a  random  coil  structure  which  is  thought  to  be  the  optimum 
conformation  for  efficient  aminoacylation  during  assembly.  The  authors  found  good 
correlation  between  the  prediction  and  the  actual  outcome  of  a  number  of  syntheses 
using  Boc  chemistry  on  polystyrene  resin.  We  applied  the  Pc*  parameter  to  our 
system  which  uses  Fmoc  chemistry  on  the  more  polar  HEMA  polymer  and  no 
correlation  between  the  prediction  and  outcome  based  on  crude  purity  alone  was 
obtained.  In  many  cases,  peptides  that  were  predicted  to  be  very  difficult  were 
obtained  in  high  purity.  The  poor  correlation  is  possibly  caused  by  the  different 
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sidechain  protected  amino  acids  used  in  Fmoc  chemistry  which  may  have  different 
random  coil  propensities  along  with  the  more  polar  HEMA  support  which  may  help 
disrupt  0-sheet  H-bonding  and  hence  aggregation.  The  second  method  of  difficult 
peptide  prediction  [5]  uses  an  aggregation  potential  parameter  Pa  to  predict  peptide 
difficulty.  The  authors  formulated  the  values  based  on  results  from  Fmoc  synthesis 
on  polystyrene  resin  and  we  were  hopeful  that  a  correlation  with  our  results  would  be 
obtained.  Again,  there  was  no  correlation  between  Pa  and  our  results.  Many 
peptides  with  a  Pa  value  >1.1  (the  value  at  which  a  sequence  is  considered  difficult) 
were  obtained  in  crude  purity  >80%. 

In  summary,  we  have  described  modifications  to  the  multipin  method  that  allow 
peptide  synthesis  at  the  pmol  level.  The  most  important  modification  appears  to  be 
the  use  of  poly-HEMA  for  synthesis  as  the  quality  of  peptides  produced  is  equal  to 
that  generated  on  Tentagel  resins.  We  were  unable  to  find  a  correlation  between 
purity  data  from  1545  peptide  syntheses  and  two  published  methods  for  predicting 
difficult  peptides.  This  we  believe  was  due  in  part  to  the  more  optimum  procedures 
and  the  HEMA  support  we  used  which  produced  a  better  quality  peptide  than  would 
have  otherwise  been  predicted,  which  raises  the  question:  Is  difficult  peptide 
prediction  a  requirement  for  MPS?  Based  on  our  data,  63%  of  all  peptides  <15  mer 
were  >60%  pure.  For  most  MPS  applications,  peptides  <15  mer  are  used  and  in 
order  to  obtain  a  binding  peptide  in  an  initial  screen,  >60%  purity  is  sufficient.  As  a 
result,  for  peptides  <15  mer,  we  believe  that  with  the  multipin  approach,  prediction 
is  unnecessary. 
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Introduction 

A  betabellin  consists  of  two  P  sheets  packed  against  each  other  by  the 
interaction  of  the  hydrophobic  face  on  one  side  of  each  sheet  Its  amino  acid  sequence 
is  characterized  by  the  repetition  of  a  16-residue  palindromic  pattern 
(abcdefghhgfedcba)  in  which  the  exterior  residues  b,  d  and  f  are  generally 
hydrophilic,  the  interior  residues  c,  e  and  g  are  generally  hydrophobic,  and  the 
adjacent  pairs  hh  and  aa  are  residues  LI  and  L2  of  a  tight  p  turn.  Two  such  patterns 
per  peptide  chain  could  form  a  32-residue  four-strand  antiparallel  P  sheet.  A  single 
disulfide  bridge  between  two  such  0  sheets  might  stabilize  the  formation  of  an 
eight-strand  p  barrel  in  aqueous  solution  [1-3].  This  geometry  is  most  compatible 
with  the  presence  of  type  I'  P  turns.  Betabellin  12  and  earlier  versions  had  a  proline 
residue  at  LI  of  each  P  turn.  Through  molecular  dynamics  simulation  of  blocked 
dipeptides  by  the  slow-growth  method,  we  have  shown  that  LAla-LAla  prefers  to  fold 
as  a  type  I  turn,  LAla-DAla  as  a  type  13  turn,  and  DAla-LAla  as  a  type  IT  turn,  but 
that  DAla-DAla  prefers  to  fold  as  a  type  T  turn  [4, 5}.  We  designed  betabellin  14  to 
test  if  a  64-residue  disulfide-bridged  polypeptide  having  DLys-DAla  at  the  hh 
positions  and  DAla-DLys  at  the  aa  positions,  which  should  energetically  favor  the 
formation  of  type  I'  turns,  would  fold  into  a  stable  p  protein. 

Results  and  Discussion 

In  an  effort  to  achieve  higher  water  solubility  and  folding  stability,  the  design 
of  betabellin  14  involved  replacing  more  than  half  of  the  residues  of  betabellin  12. 
For  example,  the  net  charge  of  the  protein  at  pH  5  was  changed  from  -2  to  +10  by 
removing  most  of  the  Asp  and  Glu  residues  and  by  adding  several  Lys  and  His 
residues.  Figure  1  shows  the  amino  acid  sequence  of  betabellin  14. 

abcdefghhgfedcba abcdefghhgfedcba 

♦  *  *  *  *  * 

HSLTASIkaLTIHVQakTATCQVka YTVHI SE 

Fig.  1.  Amino  acid  sequence  and  the  repeated  16-residue  palindromic  pattern  of  each  of 
the  two  32-residue  peptide  chains  of  betabellin  14.  The  star  (  *  )  denotes  a  D-amino  acid. 
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Fig.  2.  CD  spectra  of  betabeUin  14  and  its  reduced  monomeric  form. 

This  32-residue  peptide  chain  was  assembled  by  die  solid-phase  method  using 
Fmoc  chemistry  and  was  purified  by  liquid  chromatography  (LC)  on  a  column  of 
octyl-silica.  The  reduced  monomer  showed  the  expected  molecular  mass  by 
electrospray  mass  spectrometry  and  an  unfolded,  "random-coil”  conformation  by 
circular  dichroic  (CD)  spectroscopy  (Figure  2).  Air  oxidation  of  this  monomer 
provided  betabeUin  14,  the  64-residue  covalent  dimer  formed  by  joining  two  chains 
through  a  single  disulfide  bond  at  Cys21.  This  non  genetic  protein,  which  contained 
12  D-amino  acid  residues,  was  much  more  soluble  in  water  than  betabeUin  12.  By 
reversed-phase  LC,  betabellin  14  was  more  hydrophilic  than  its  monomer  and  much 
more  hydrophilic  than  betabellin  12.  CD  spectrophotometry  over  the  range  of 
180-280  nm  showed  that  betabellin  14  was  folded  in  water  at  25  °C  as  a  protein 
having  significant  0-sheet  structure  but  no  detectable  a-helical  structure  (Figure  2). 
This  0  structure  was  maintained  at  70°C  but  was  partly  unfolded  at  85°C  (Figure  3). 


Fig.  3.  Thermal  denaturation  of  betabellin  14:  Molar  ellipticity  at  216  nm  versus 
temperature. 
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Guanidinium  Chloride  Concentration  (M) 


Fig.  4.  Chemical  denaturation  of  betabellin  14:  Relative  molar  ellipticity  at  216  nm 
versus  concentration  of  guanidinium  chloride. 

Betabellin  14  was  half  unfolding  by  about  O.S  M  guanidinium  chloride  (Figure  4). 
The  thermal  and  chemical  denaturation  of  this  nongene  tic  protein  resembled  that  of 
native  genetic  proteins. 

Strikingly,  the  formation  of  a  single  interchain  disulfide  bond  between  two 
unfolded  peptide  chains  induced  the  resulting  covalently  bridged  polypeptide  to  fold 
into  a  stable  f)  protein.  The  presence  of  DLys-DAla  and  DAla-DLys  at  the  hh  and  aa 
positions,  respectively,  was  compatible  with  betabellin  14  folding  as  a  0  protein. 
The  engineering  of  betabellin  14  represents  significant  progress  in  our  continuing 
efforts  to  design,  build,  and  characterize  nongenetic  proteins  with  defined  folded 
structures  for  use  as  macromolecular  frameworks. 

Acknowledgements 

This  work  was  supported  by  NIH  research  grant  GM  42031. 

at- 

References 

1 .  McClain,  R.D.,  Daniels,  S.B.,  Williams,  R.W.,  Pardi,  A.,  Hecht,  M.,  Richardson, 
J.S.,  Richardson,  D.C.  and  Erickson,  B.W.,  In  Rivier,  J.E.  and  Marshall,  G.R. 
(Eds.),  Peptides:  Chemistry,  Structure  and  Biology,  Escom,  Leiden,  The  Netherlands, 
1990,  p.682. 

2.  McClain,  R.D.,  Yan,  Y.,  Williams,  R.W.,  Donlan,  M.E.  and  Erickson,  B.W.,  In 
Smith,  J.A.  and  Rivier,  J.E.  (Eds.),  Peptides:  Chemistry  and  Biology,  Escom, 
Leiden,  The  Netherlands,  1992,  p.364. 

3.  Richardson,  J.S.,  Richardson,  D.C.,  Tweedy,  N.B.,  Gemert,  K.M.,  Quinn,  T.P., 
Hecht,  M.H.,  Erickson,  B.W.,  Yan,  Y„  McClain,  R.D.,  Donlan,  M.E  and  Suites, 
M.C.,  Biophys.  J..  63  (1992)  1186. 

4.  Yan,  Y„  Traps  ha.  A.,  Hermans,  J.  and  Erickson,  B.W.,  Proc.  Natl.  Acad.  Sci. 
U.S.A.,  90  (1993)  7898. 

3 .  Tropsha,  A.,  Yan,  Y.,  Schneider,  S.E.,  Li,  L.  and  Erickson,  B.W.,  In  Hodges,  R.S. 
and  Smith,  J.A.  (Eds.),  Peptides:  Chemistry,  Structure  and  Biology  Escom,  Leiden, 
The  Netherlands,  1994,  this  volume. 


1029 


Further  engineering  of  a  designed  protein,  the 
minibody:  From  an  insoluble  to  a  soluble  molecule 


A.  Pessi,  E.  Bianchi,  S.  Venturini,  G.  Barbato,  R.  Bazzo, 
A.  Tramontane  and  M.  Sollazzo 

Istituto  di  Ricerche  di  Biologia  Molecolare  (IRBM) 

Via  Pontina  Km  30.600,  00040  Pomezia  (Rome),  Italy 


Introduction 

We  have  recently  reported  the  design,  synthesis  and  characterisation  of  the 
Minibody  (MB):  a  sixty-one  residue  metal  binding  protein  [1-3].  Using  a  portion  of 
the  heavy  chain  variable  domain  of  an  IgG  as  a  template,  we  designed  a  molecule 
with  a  p-sheet  scaffold  of  novel  fold  and  two  regions  corresponding  to  the 
hypervariable  loops  HI  and  H2.  The  aim  of  the  MB  design  was  to  transfer  into  a 
smaller  molecule  some  desirable  properties  of  the  immunoglobulins,  namely  (a) 
extreme  tolerance  to  sequence  variability  in  selected  regions  of  the  protein  (the 
hypervariable  loops)  and  (b)  predictability  of  the  main  chain  conformation  of  these 
regions,  directly  from  the  primary  structure  [4],  The  metal  binding  site  was 
engineered  into  the  molecule  in  order  to  explore  the  possibility  of  creating  functional 
centres  in  it.  Characterisation  of  the  molecule  by  CD,  size  exclusion  chromatography 
and  Zi t**  binding  experiments  showed  die  molecule  to  be  folded,  globular  and  able  to 
bind  metals  [1]:  therefore,  MB  represents  the  first  designed  P- protein  with  a  novel 
fold  and  a  tailored  function.  The  main  obstacle  to  a  more  detailed  characterisation  of 
the  protein  by  NMR  or  crystallography  was  its  very  low  solubility  in  aqueous  media. 
Further  engineering  of  MB  was  therefore  addressed  to  solve  this  problem. 

Results  and  Discussion 

To  this  aim,  we  used  two  independent  strategies.  The  first  one  was  rational 
redesign  of  the  p-sheet  framework.  To  select  the  positions  for  replacements  several 
factors  were  taken  into  account:  (i)  we  excluded  the  residues  predicted  to  contribute  to 
the  stability  of  the  hypervariable  loops  [1,  4];  (ii)  we  did  not  consider  substitutions 
which,  according  to  the  model,  would  result  in  loss  of  side  chain  hydrogen  bonds  or 
of  the  hydrophobic  packing;  (iii)  among  the  remaining  residues,  we  selected  those 
whose  hydrophobic  groups  were  exposed  in  MB  (from  hoe  onwards  MB1),  but  had 
not  been  changed  in  the  original  design  to  keep  alterations  of  the  template  IgG 
framework  to  a  minimum.  These  residues  were  substituted  with  amino  acids  which, 
in  their  most  common  conformed  would  not  expose  their  hydrophobic  parts  to  the 
solvent.  We  also  took  advantage  of  the  higher  solvation  energy  of  lysine,  in 
comparison  with  other  charged  amino  acids,  and  replaced  arginines  with  lysines 
whenever  possible.  Overall,  nine  residues  satisfied  the  above  requirements. 
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The  second  strategy  was  devised  as  an  alternative,  since  we  could  not  exclude  a 
priori  that  the  positions  responsible  for  the  stability  of  the  fold  would  be  the  same 
positions  that  control  the  solubility  of  the  molecule,  this  implying  that  any  soluble 
mutant  obtained  by  changing  the  {}- sheet  scaffold  would  also  be  destabilized.  The 
strategy  consoled  in  the  addition  of  a  solubilizing  tail  to  the  protein,  without 
changing  the  primary  structure  of  the  scaffold.  Since  there  are  indications  that 
addition  of  charged  residues  may  enhance  solubility  in  peptides  and  proteins  [S,  6}  and 
we  ourselves  observed  this  beneficial  effect  in  synthetic  f  1  bacteriophage  proteins 
(Pessi  et  al.,  unpublished  data),  we  synthesised  a  MB1  which  was  elongated  with 
three  lysine  residues  either  at  the  N-terminus  (K.-MB1)  or  at  the  C-terminus  (MB  1  - 
K3)- 


Table  1  Some  features  of  the  mutants  used  in  this  study 


Mutants 

Source 

Mutations* 

CD(farUV) 

Solubility 

MBlb 

SPPS 

none 

pc 

10  pM 

MB2 

SPPS 

Q4P-E17D- V 1 9G-R20K-R29K- 
K34D-E38D-R46K-I48S 

random  coil 

millimolar 

MB3 

recDNA 

Q4P-E17D-V19G-R20K 

Pc 

millimolar 

MB4 

recDNA 

E38D-R46K-I48S 

pc 

100  pM 

MBS 

recDNA 

R29K-K34D 

pc 

20  pM 

K3-MB1 

SPPS 

none/+KKK  at  N  terminus 

pc 

millimolar 

MB1-K3 

recDNA 

none/-)-  KKK  at  C  terminus 

pc 

millimolar 

‘Only  those  in  the  framework  are  considered  here;  the  substitutions  are  indicated  with  the 
equivalent  residue  in  MB1,  followed  by  the  number  in  the  sequence  and  the  mutated  amino 
acid; 

bMBl  is  the  original  molecule  [1],  with  the  sequence:  RNSQATSGFTFSHFYMEW 
VRGGEYI AASRHKHNK YTTEYS  AS VKGRTIV  SRDTSQSILYLQ; 

‘The  CD  spectrum  is  typical  of  antiparailel  P- sheets  (see  [1]). 

The  mutants  (Table  1)  were  produced  either  by  chemical  synthesis  [1-3]  or  by 
recDNA  [7],  MB2  is  very  soluble,  but  its  CD  shows  a  random  coil  conformation, 
due  either  to  the  presence,  among  the  selected  replacements,  of  a  few  key  residues 
essential  for  proper  folding,  or  to  the  sum  of  many  minor  destabilizing  distortions, 
which  collectively  perturb  the  structure.  To  discriminate  between  these  two 
hypotheses,  a  set  of  mutants  was  prepared  in  which  the  mutations  of  MB2  were 
divided  into  three  subsets:  MB3,  MB4  and  MB 5  contain  the  first  four,  the  central  two 
and  the  last  three  mutations  of  MB2,  respectively.  All  these  mutants  are  folded, 
showing  a  p-sheet-like  CD  spectrum  with  bands  very  similar  in  position  and 
intensity  to  MB1 ;  this  lends  support  to  the  second  hypothesis.  The  mutants  display  a 
marked  difference  in  solubility,  with  only  MB3  being  in  the  desired  millimolar  range. 
High  solubility  is  also  displayed  by  the  mutants  with  the  K3  motif,  which  both 
show  p-sheet-like  CD  spectra. 

Two  of  the  soluble  mutants,  MB3  and  MB1-K3,  were  selected  for  further 
characterisation.  In  the  same  experimental  conditions  used  for  MB1  [1]  both  mutants 
are  monomeric  and  bind  zinc  with  comparable  affinities.  Both  denaturant-induced 
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unfolding  curves  (Figure  1A)  show  a  sharp  cooperative  transition,  but  with  different 
midpoints  (0.74  M  and  2.33  M  Urea  for  MB3  and  MB1-K3,  respectively)  and  a 
different  value  for  the  free  energy  of  unfolding  extrapolated  at  zero  concentration  of 
denaturant  [1]  (1.79  and  2.S3  kcal/mol,  respectively).  The  values  for  MB1  are  2.17  M 
urea  and  2.34  kcal/mol.  The  presence  of  near  UV  CD  bands  (Figure  IB)  is  a  clear 
indication  of  tertiary  structure;  moreover,  since  the  pattern  and  intensity  of  the  bands 
are  very  similar,  the  aromatic  residues  should  experience  the  same  environment,  and 
therefore  the  two  mutants  should  have  a  very  similar  hydrophobic  core. 


Fig.  I.  (A)  Denaturant-induced  unfolding  curve  for  MBl  (o),  MB1-K}  ( A )  and  MB3  (CJ);f= 
fraction  folded;  (B)  Near-UV  CD  spectra  of  MB1-K3  (-)and  MB3  (-  •);  conditions  as  in  [I, 

71. 


The  above  data,  although  preliminary,  indicate  that  both  strategies  were 

successful,  producing  soluble  mutants  with  very  little  alteration  in  the  overall  fold. 

This  fold  is  somehow  destabilised  in  MB3,  as  shown  by  the  denaturant-induced 

transition;  on  the  other  hand,  the  only  effect  of  the  addition  of  the  lysine  tail  seems 

to  be  on  solubility.  NMR  analysis  of  these  mutants  is  now  in  progress. 
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Introduction 

The  exposure  of  cancer  cells  to  cytotoxic  drugs  initiates  a  selection  process  that 
often  leads  to  the  survival  and  rapid  growth  of  drug-resistant  tumor  cells  [1].  A 
clinical  consequence  of  this  phenomenon  is  the  frequent  occurrence  of  relapse  in 
cancer  patients  treated  with  chemotherapeutic  agents.  Modem  approaches  to  cancer 
treatment  must  now  focus  on  searching  for  new  classes  of  antitumor  agents  able  to 
circumvent  mechanisms  of  drug  resistance.  In  this  report  we  describe  the  design  of 
peptide-based  agents  integrating  small  peptide  signals  coding  for  their  endocytosis  and 
compartmentalization  inside  cells  in  an  effort  to  deliver  toxic  or  diagnostic  moieties 
to  defined  intracellular  sites. 

As  an  initial  step  in  designing  a  model  cytotoxic  agent,  de  novo  peptides  were 
constructed  that  code  for  three  functional  domains  namely  1)  a  cytoplasmic 
translocation  domain  allowing  the  peptides  to  cross  the  cytoplasmic  membrane  of 
live  cells,  2)  a  nuclear  localization  domain  that  leads  to  the  accumulation  of  the 
peptides  in  the  nucleus  of  such  cells  and,  3)  a  DNA  intercalating  moiety  that  can  act 
as  the  cytotoxic  moiety. 

Results  and  Discussion 

In  order  to  develop  peptide  vehicles  able  to  cross  the  plasma  membrane,  we 
exploited  the  fact  that  linear  chains  of  polyamino  acids  such  as  poly(L-lysine)  are 
rapidly  internalized  by  cells  [2].  To  facilitate  the  synthesis  of  peptides  carrying  a 
large  but  defined  number  of  cationic  charges,  branched  peptides  [3]  were  constructed 
containing  a  single  C-terminus  domain  and  eight  amino-terminal  arms  (Figure  1). 
The  term  "octopeptides"  was  used  to  define  such  peptides  in  light  of  their  "octopus¬ 
like"  nature. 

In  order  to  carry  a  DNA  intercalator  to  the  nucleus  of  cells,  the  model 
octopeptides  were  synthesized  to  include  the  well  characterized  nuclear  localization 
signal  (NLS)  of  the  SV40  large  T  antigen  [4].  Finally,  the  DNA  intercalator  acridine 
was  selected  for  integration  into  these  octopeptides  in  view  of  its  appropriate 
fluorescence  properties  and  its  use  in  the  design  of  potential  antitumor  drug-peptide 
conjugates. 

In  order  to  test  the  usefulness  of  each  domain,  octopeptides  1,  2,  and  3  were 
synthesized  so  as  to  lack  one  of  the  three  functional  domains.  Octopeptide  4 
contained  all  three  domains  (Figure  lb).  At  a  concentration  of  1  pM,  none  of  the 
octopeptides  were  cytotoxic  to  CHO  cells.  Fluorescence  microscopy  was  thus 
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Fig.  1.  Primary  structure  of  nuclear-targeting  branched  peptides  (octopeptides).  Each 
peptide  is  composed  of  a  three-residue  long  C-terminal  region  (analytical  arm)  and  8-N- 
terminal  branches  linked  together  through  a  branched  lysine  polymer  (BP). 

performed  at  this  concentration  to  characterize  the  location  of  each  octopeptide  in 
viable  CHO  cells.  Octopeptides  2  and  4  were  rapidly  internalized  by  CHO  cells  in 
comparison  to  octopeptide  1  (Figure  2,  panels  a,  b,  c),  confirming  the  importance  of 
the  CTS  domains.  After  18  hours,  all  three  octopeptides  had  entered  the  cells  with 
only  the  ones  containing  NLS  domains  (Figure  2,  panels  d  and  0  being 
predominantly  localized  to  the  nucleus.  In  the  case  of  octopeptide  2  (Figure  2,  panel 
e),  the  acridine  fluorescence  was  randomly  distributed  between  cytoplasmic  and 
nuclear  compartments  in  agreement  with  the  recent  observation  that  low  molecular 
weight  compounds  of  less  than  60  kD  can  passively  diffuse  through  the  nuclear  pore 
complexes  while  the  nuclear  transport  of  NLS-bearing  small  molecules  is  regulated 
by  an  active  transport  mechanism  [5]. 

One  can  design  peptide  based  agents  that  are  taken  up  by  live  cells  and  rapidly 
sorted  into  compartments  such  as  the  nucleus.  The  synthetic  flexibility  built  into 
the  design  of  octopeptides  allows  for  a  range  of  options  in  terms  of  altering  their 
structure,  dimensions  and  biological  half-lives. 
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Fig.  2.  Penetration  and  localization  of  octopeptides  inside  live  CHO  cells  as  a  function  of 
time.  The  migration  of  octopeptides  bearing  acridine  groups  was  monitored  by 
fluorescence  microscopy.  The  efficiency  of  the  cytoplasmic  translocation  signals  was 
demonstrated  by  the  rapid  entry  of  octopeptides  2  and  4  (panels  b,c)  into  cells  as  opposed 
to  octopeptide  1  ( panel  a).  The  importance  of  the  nuclear  localization  signals  was 
confirmed  by  the  nuclear  accumulation  of  octopeptides  l  and  4  (panels  d  and  f)  but  not 
octopeptide  2  (panel  e).  Octopeptide  3  lacks  acridine. 
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Introduction 

Whilst  there  have  been  many  studies  on  the  conformation  of  simple  cyclic 
peptides,  we  are  the  first  group  to  have  developed  a  strategy  that  gives  access  to 
peptides  that  are  constrained  by  a  large  number  of  rings  [1].  Initially,  our  synthesis 
of  these  "polycyclic  peptides"  involved  the  introduction  of  all  of  the  cross-links  in 
the  final  step  -  see  Figure  1. 


Fig.  1.  Formation  of  the  polycyclic  peptide  3  from  1  could  be  achieved  by  the 
introduction  of  all  4  cross-links  in  the  final  step. 


Of  crucial  importance  is  the  fact  that  the  cyclic  hexapeptide  2  can  be  obtained 
directly  from  Boc-Lys(Ts)-Lys(Ts)-Gly-OH,  by  cyclodimerisadon  of  the  pentafluoro- 
phenyl  ester.  In  order  to  improve  yields,  and  allow  greater  flexibility  concerning  the 
structure  of  the  crosslinking  units,  an  alternative  strategy  was  developed  (Figure  2), 
whereby  two  of  the  crosslinking  units  were  incorporated  at  the  earlier  tripeptide  stage. 

The  polycyclic  peptide  3  contains  two  types  of  p-xylyl  crosslinks:  those 
between  adjacent  lysyl  residues,  and  those  between  skipped  (non-adjacent)  lysyl 
residues.  Therefore  there  are  two  possible  crosslinked  tripeptides  4  and  6,  which 
when  cyclodimerised  will  give  the  cyclic  isomers  5  and  7  both  precursors  to  the  final 
host  molecule  3.  Reaction  of  the  cyclic  hexapeptide  2  directly  with  p- 
di(bromomethyl)benzene  should  also  produce  the  same  two  products.  Investigation 
of  the  reaction  rates  and  product  ratios  of  these  reactions  will  give  important 
conformational  information  on  both  the  tri-  and  hexapeptide  precursors  4-7. 
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Results  and  Discussion 

The  tripeptide  precursors  4  and  6  were  prepared  from  the  corresponding 
protected  tripeptides  by  reaction  with  p-di(bromomethyl)benzene  in  DMF,  with 
Cs2C03  as  base.  When  4  was  subjected  to  the  deprotection/cyclodimerisation 
procedure,  5  could  be  obtained  in  yields  of  70-80%.  This  is  approximately  double 
the  yield  observed  when  2  is  prepared  by  the  cyclodimerisation  procedure,  in  which 
the  tripeptide  precursor  does  not  possess  a  cross-link.  The  formation  of  7  has  not  yet 
been  detected  after  6  was  subjected  to  the  protection/cyclodimerisation  protocol. 
Finally,  when  2  was  treated  with  p-diCbromomethyObenzene/DMF/CsjCOj,  FAB 
mass  spectrometry  indicated  the  formation  of  5  and/or  7;  studies  are  currently 
underway  to  determine  whether  this  cross-linking  reaction  is  regio-specific. 

The  formation  of  polycyclic  peptides  via  cyclodimerisation  is  much  more 
efficient  if  adjacent  lysyl  residues  are  cross-linked. 
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Introduction 

The  interleukin-2:interleukin  -  2  receptor  interaction  has  been  one  of  the  most 
intensely  investigated  ligand  -  receptor  systems  of  the  hematopoietic/lymphokine 
family.  Recent  findings  demonstrate  that  this  system  remains  an  enigma  in  many 
respects.  Within  the  last  year,  the  long-standing  3  dimensional  structure  for  IL-2  has 
been  shown  to  be  incorrect  and  a  third  cell  surface  receptor  subunit  has  been 
identified.  The  presence  of  three  cell  surface  subunits  (p55,  p64  and  p75)  makes  this 
receptor  system  unique  among  the  expanding  family  of  hematopoietic  receptors.  The 
knowledge  of  how  each  subunit  functions  with  respect  to  ligand  capture,  signal 
transmission  and  internalization  is  essential  for  the  development  of  ligand  based  IL-2 
agonists  and  antagonists.  We  and  others  have  demonstrated  that  these  subunits  must 
function  as  heterodimers  on  the  cell  surface.  A  preformed  complex  of  p75  and  p55 
serves  to  capture  ligand  while  IL-2  induced  association  of  p75  and  p64  is  the  likely 
signaling  event.  The  long  term  goal  of  this  project  is  to  engineer  versions  of  these 
receptor  subunit  ectodomains  that  associate  in  a  directed  fashion  in  solution  by 
exploiting  the  wealth  of  knowledge  concerning  the  specificity  and  stability  of  coiled  - 
coil  (Leu  zipper)  molecular  recognition. 

Results  and  Discussion 

Each  of  the  IL-2  receptor  subunits  can  bind  ligand  independently  but  with  much 
lower  affinity  than  the  heteromeric  complexes  found  on  the  surface  of  cells  [1].  In 
order  to  facilitate  our  ongoing  SAR  studies  of  interleukin-2,  we  initiated  a  study  to 
prepare  soluble  IL-2  receptor  subunit  complexes  designed  to  associate  in  a  directed 
fashion  in  solution  and  emulate  the  cell  surface  complexes.  Based  on  the  extensive 
studies  by  Hodges  [2]  and  others,  we  chose  idealized  coiled  -  coil  heptad  repeats  as 
recognition  units  to  mediate  solution  assembly  of  the  receptor  ectodomains  in  a 
directed  fashion.  To  test  the  feasibility  of  this  approach,  our  first  target  was  the 
preparation  of  a  p75  homodimeric  complex.  This  protein  is  composed  of  the 
complete  p75  ectodomain  and,  in  lieu  of  the  transmembrane  and  cytoplasmic 
domains,  we  substituted  7  heptad  repeats  of  the  sequence  LEALEKK.  This  idealized 
motif  is  based  on  the  results  of  Hodges  [2]  and  is  designed  to  form  a  stable  coiled  - 
coil  structure.  We  prepared  the  genetic  constructions  for  the  coiled  -  coil  segment  by 
cloning  two  large  oligonucleotide  cassettes,  each  encoding  approximately  half  of  the 


1038 


Z  Wu  and  T.  Ciardelli 


De  Novo  Design  of  Peptides  and  Proteins 


segment,  into  a  pUC  vector.  Once  complete,  we  added  the  cDNA  encoding  the  entire 
p75  ectodomain  S'  to  the  coiled  -  coil  repeats.  Although  straightforward  in  concept, 
these  steps  proved  difficult  in  practice.  Due  to  the  repetitive  nature  of  the  DNA 
sequences  encoding  the  heptad  repeats,  we  encountered  severe  problems  with 
recombination.  Several  clones  had  to  be  sequenced  before  a  full  length,  unmodified 
version  was  identified. 

For  production  of  these  proteins,  we  chose  baculovirus  mediated  insect  cell 
expression  (Max-Bac™,  Invitrogen  Inc.).  This  system  provides  high  levels  of 
expression  of  properly  folded  and  glycosylated  proteins.  Therefore  we  subcloned  the 
cDNA  encoding  the  protein  (p75cc  homo)  into  the  baculovirus  expression  vector, 
pBlueBac  2.  After  complete  sequencing,  we  prepared  recombinant  virus  according  to 
Invitrogen  protocols  and  infected  Spodoptera  frugiperda  (Sf9)  cells.  Expression  of 
p75cc  homo  exceeded  lmg/L  of  culture  using  this  system.  The  protein  was  purified 
using  affinity  chromatography.  We  determined  that  ligand  affinity  (JL-2  column)  or 
immunoaffinity  (anti  -  p75  monoclonal)  methods  worked  equally  well  for 
purification,  the  former  demonstrating  retention  of  ligand  binding  ability  by  the 
complex.  The  purified  protein  was  homogeneous  on  SDS-PAGE  and  RP  HPLC  and 
N-terminal  sequencing  confirmed  the  identity.  Figure  1  compares  the  gel  filtration 
elution  of  p75cc  homo  with  the  p75  ectodomain  itself,  produce!  in  a  similar  fashion. 


Fig  1.  Gel  Filtration  comparison  of  A,  p75cc  homo  and  B,  the  p75  ectodomain  without 
the  heptad  repeats.  Chromatogram  is  a  summed  overlay  of  single  injections  of  each 
sample.  Column:  Bio-Sil ®  TSK-250,  300  x  7.5  mm;  Buffer:  25  mM  Phosphate,  pH  7.0 
containing  lOOmM  KCl;  Flow  Rate:  0.5  ml/min.;  Absorbance  at  215  nm;  Sample 
Concentration  700  -  800  nM  based  on  monomer  MW. 


The  gel  filtration  results  clearly  indicate  that  the  addition  of  the  coiled  -  coil 
heptad  repeats  has  mediated  the  formation  of  a  higher  MW  complex  of  the  p75 
ectodomain.  That  this  complex  is  the  result  of  the  coiled-coil  helical  structure  is 
indicated  by  comparison  of  the  far  UV  CD  spectrum  of  the  two  proteins.  Figure  2. 
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Fig.  2.  Far  UV  circular  dichroism  of  purified  (A)  p75  ectodomain  and  (B)  p75  cc  homo 
proteins  in  25mM  phosphate  buffer,  pH  7.0,  lOOmM  NaCl.  The  results  are  an  average  of 
35-50  scans  with  buffer  baseline  subtracted 

Preliminary  deconvolution  of  the  CD  spectra  confirm  the  predominant  P-sheet 
structure  of  the  p75  ectodomain  (35%  P  with  <2%  a-helix).  In  contrast,  p75cc 
homo  contains  greater  than  13%  a-helix  or  in  excess  of  75%  of  the  theoretical 
content  based  on  the  addition  of  49  residues  of  helix  per  monomer. 

The  feasibility  of  coiled-coil  mediated  solution  assembly  of  receptor 
ectodomains  has  been  demonstrated  with  our  first  fusion  protein,  p75cc  homo.  This 
same  recognition  sequence  could  be  attached  to  all  three  IL-2  receptor  ectodomains, 
defined  mixtures  of  which  could  generate  the  physiologically  significant 
heterodimers.  Instead  we  have  altered  the  sequence  of  the  heptad  repeats  to 
electrostatically  favor  heteromeric  association.  This  work  is  in  progress. 
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Introduction 

Amphipathic  helixes  can  be  classified  according  to  the  size  and  charge 
distribution  of  the  hydrophilic  face  [1].  Cationic  peptides  which  form  class  L 
amphipathic  helixes  are  lytic  to  model  and  biological  membranes  [1].  The 
hydrophilic  face  of  this  structural  motif  is  characterized  by  having  Lys  residues, 
separated  in  the  middle  by  a  Gly  residue  [2].  Examples  of  such  peptides  are 
mastoparan  and  a  model  peptide,  18L.  These  peptides  lower  the  bilayer  to  hexagonal 
phase  transition  temperature  of  dipalmitoleoyl  phosphatidylethanolamine  [1],  The 
motif  of  these  peptides  can  be  modified  by  eliminating  the  Gly  residue  which  is  in 
the  center  of  the  polar  face  to  produce  the  peptide,  K18L,  with  the  sequence 
KWLLKFYKLV AKLLLKAF.  TTie  peptide  is  fully  helical  by  circular  dichroism 
when  it  is  dissolved  in  1:1  (v/v)  trifluoroethanol  and  water.  In  this  conformation  the 
hydrophilic  face  subtends  a  narrower  angle  than  class  L  amphipathic  helical  peptides. 
In  addition,  according  to  the  "snorkel  hypothesis"  the  Lys  can  allow  greater 
penetration  into  the  membrane  by  virtue  of  its  long  amphipathic  sidechain.  In  the 
case  of  K18L,  this  latter  feature  would  allow  the  peptide  to  penetrate  further  into  the 
membrane  than  does  18L  or  mastoparan.  We  investigated  what  consequences  this  had 
on  the  interaction  of  this  peptide  with  model  membranes  as  well  as  comparing  the 
biological  effects  of  K18L  with  those  of  mastoparan  and  18L. 

Results  and  Discussion 

K18L  is  several  fold  more  potent  than  mastoparan  or  18L  in  lowering  the 
bilayer  to  hexagonal  phase  transition  temperature  (Th)  of  dipalmitoleoyl  phospha¬ 
tidylethanolamine  as  measured  by  differential  scanning  calorimetry.  To  our  surprise 
the  K18L  had  an  ability  to  lower  this  transition  temperature  by  about  5  degrees  at  a 
peptide  mole  fraction  of  0.002.  This  is  greater  than  the  effect  that  hydrocarbons  and 
diacylglycerols  have  on  TH  on  a  molar  basis  and  similar  to  their  effects  on  a  weight 
basis  [3].  In  general,  more  hydrophobic  substances  decrease  TH  to  a  greater  extent 
since  they  expand  the  hydrophobic  volume  of  the  membrane  more  than  they  expand 
the  headgroup  region.  This  is  obviously  not  the  case  with  K18L  which  is  not  very 
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hydrophobic  compared  with  diacylglycerols.  The  ability  of  this  peptide  to  promote 
the  hexagonal  phase  must  reflect  the  manner  in  which  it  intercalates  into  the 
membrane.  Another  membrane  property  that  is  increased  by  the  presence  of 
hexagonal  phase  promoting  substances  is  the  formation  of  structures  that  give  rise  to 
isotropic  31 P  NMR  signals.  These  structures  readily  form  in  suspensions  of 
monomethyldioleoylphosphatidylethanolamine  (MeDOPE)  and  have  been  associated 
with  increased  rates  of  membrane  fusion  [4].  The  K18L  is  also  much  more  potent 
than  the  other  peptides  in  inducing  isotropic  31P  NMR  signals  in  suspensions  of 
MeDOPE. 

We  have  shown  that  a  class  A  amphipathic  helix-containing  protein,  the 
apolipoprotein  A-I,  inhibits  activation  of  neutrophils  [5].  Generally  class  L  helixes 
have  opposite  effects  to  those  containing  class  A  amphipathic  helixes  [1].  If  this 
antagonism  also  occurs  for  neutrophil  activation,  then  K18L  should  be  a  more  potent 
peptide  than  mastoparan  or  18L.  Indeed  this  was  found  to  be  the  case  for  both 
lactoferrin  release  as  well  as  for  superoxide  production. 

The  more  potent  effect  of  K18L  in  inducing  inverted  phases  is  in  accord  with  a 
model  in  which  the  long  sidechain  of  the  Lys  residues  will  allow  deeper  penetration 
of  the  peptide  into  the  bilayer,  this  effect  being  greatest  when  the  Lys  is  opposite  the 
hydrophobic  face.  K18L  was  at  least  twice  as  active  as  18L  or  mastoparan  in 
inducing  leakage  in  vesicles  of  MeDOPE,  promoting  haemolysis  and  activating 
neutrophils.  These  results  demonstrate  that  relatively  modest  changes  in  the 
arrangement  of  the  polar  face  of  cationic,  lytic  amphipathic  helixes  can  have  profound 
effects  on  the  interactions  of  these  peptides  with  model  and  biological  membranes. 
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Introduction 

Collagens  are  distinguished  structurally  from  other  extracellular  matrix  proteins 
by  their  composition  of  three  a  chains  of  primarily  repeating  Gly-X-Y  triplets, 
which  induces  each  a  chain  to  adopt  a  left-handed  poly-Pro  II  helix.  Three  left- 
handed  chains  then  intertwine  to  form  a  right-handed  triple-helix.  We  have  developed 
a  generally  applicable  solid-phase  methodology  for  the  synthesis  of  aligned  triple¬ 
helical  collagen-model  peptides  (i.e.,  ’mini-collagens')  that  can  incorporate  native 
collagen  sequences  [1,  2].  The  thermal  stabilities  of  these  triple-helical  peptides 
(THPs)  are  examined  hoe. 

Results  and  Discussion 

A  generic  THP  structure  is  given  in  Figure  1.  The  branch  introduced  at  the  C- 
terminus  of  the  synthetic  peptide  is  consistent  with  the  natural  nucleation  of  collagen 
triple-helices  from  the  C-  to  the  Af-terminus.  The  triple-helix  inducing  sequence  is 
(Gly-Pro-Hyp)g.  THP-1  incorporates  residues  531-543  from  al(IV)  collagen  while 
THP-2  incorporates  residues  1263-1277  from  ol(IV)  collagen  [1,  2].  THP- 3  has 
only  the  triple-helix  inducing  sequence  [2], 


(Gly-Pro-Hyp)  nLJ(Gly-X-Y^  I — Ahx 


1 


(Gly-Pro-Hyp)  J — I  (Gly-X-Y)^  L_  Ahx  -  Lys-Lys— Tyr  -  Gly 


(Gly-Pro-Hyp)  nLJ  (Gly-X-Y^  — Ahx 


Fig.  I.  Generic  structure  of  triple-helical  peptides  or  'mini-collagens'.  Ahx  is  6- 
aminohexanoic  acid. 
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Table  1  T„  and  AH°  of  triple  helix  <=>  coil  transitions 


Peptide 

Hyp 

(%) 

Tm/triplet 

(°Q 

A/f7triplet 

(kcal/mol) 

(Pro-Pro-Gly)* 

0 

0.75 

-1.63 

(Pro-Pro-Gly)io 

0 

0.83 

-1.77 

(Pro-Pro-Gly)10 

0 

0.83 

-1.72 

(Pro-Pro-Gly)* 

0 

1.00 

-1.83 

THP-2 

21 

1.50 

-2.49 

THP-1 

22 

1.43 

-2.30 

(Pro-Hyp-Gly)io 

33 

1.93 

-3.81 

(Pro-Hyp-Gly)io 

33 

1.92 

-3.00 

(Pro-Hyp-Gly),0 

33 

2.07 

-4.13 

THP-3 

33 

1.77 

-3.67 

The  triple-helical  melting  temperatures  (Tm),  as  evaluated  by  circular  dichroism 
spectroscopy,  were  53, 59,  and  42°C  for  THP-1,  THP-2,  and  THP-3,  respectively  [1, 
2].  Tg/triplet  values  for  our  and  other  [2]  THP  triple-helical  melts  could  be  correlated 
to  Hyp  content  (Table  1).  Although  THP-1  contains  an  interruption  in  the  Gly-X-Y 
repeat,  it  has  a  similar  r„,/triplet  value  as  THP-2,  which  has  no  Gly-X-Y 
interruptions.  Non-triple-helical  inducing  regions  have  substantial  detrimental  effects 
on  the  thermal  stabilities  of  triple-helical  peptides  due  to  significant  cooperativity  of 
residues  [3],  The  similar  Tm  values  for  THP-1  and  THP-2  are  probably  due  to  (i)  the 
large  number  (8)  of  Gly-Rro-Hyp  repeats  at  the  THP  N-terminus,  providing  a 
cooperative  "cluster"  which  stabilizes  the  triple-helix,  and  (ii)  the  branched  Lys-Lys 
structure,  which  aligns  and  entropically  stabilizes  the  C-terminus  of  the  THP. 

A  good  correlation  was  also  found  between  our  and  other  [2]  van't  Hoff 
enthalpies  (AH°)  for  THP  coil  <=>  triple-helical  transitions  and  Hyp  content  (Table  1). 
An  increase  in  Hyp  content  results  in  increasingly  negative  enthalpies  and  thus  more 
favorable  triple-helix  formation.  The  correlation  of  THP  TJtnpXet  and  AffVtriplet 
values  as  a  function  of  Hyp  content  suggests  that  these  peptides  are  not  destabilized 
by  residue  misalignment  or  "looping”  out 
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Introduction 

Gene  expression  in  mammals  and  other  organisms  is  regulated  by,  among 
others,  the  leucine  zipper  transcription  factor  family  that  includes  C/EBP,  Fos,  Jun, 
CREB  and  GCN4  proteins.  A  prerequisite  to  DNA  recognition  by  many  of  the 
regulatory  proteins,  including  GCN4,  is  their  dimerization.  Consequently,  molecules 
able  to  disrupt  the  protein  dimerization  are  of  potential  medicinal  interest. 

Traditionally,  leucine  zippers  were  thought  to  form  via  hydrophobic  association 
of  the  a-helical  monomers  into  a  coiled-coil  (Figure  la)  [1,  2],  That  model  was 
recently  challenged  by  a  coiled-coil  model  based  on  a  periodic  hydrophilic- 
hydrophobic  leucine-zipper  motif  (Figure  lb)  [3].  These  models  are  related  by  a 
clockwise  rotation  of  both  helices.  The  discrepancy  between  these  models  prompted 
us  to  develop  a  simple  experimental  approach  capable  to  distinguish  between  the 
different  inodes  of  dimerization  in  coiled-coil  proteins. 

Results  and  Discussion 

We  synthesized  three  leucine  zipper-containing  fragments  of  GCN4:  Ac- 
[Cy s  1  ]-GCN4(  1  -33)-NH2,  (Cl);  Ac-[Cys2]-GCN4(l-33)-NH2,  (C2);  and  Ac-[Cys5]- 
GCN4(l-33)-NH2,  (C5).  In  the  disulfide  trapping  experiments  1.2  mg  of  each 
peptide  was  dissolved  in  0.3  ml  of  water  and  the  air  oxidation  rates  were  time 
monitored  (Figure  2)  by  RP-HPLC  using  a  Cl8  stationary  phase  (Vydac)  and  0- 
45%B/45  min  gradient  as  a  mobile  phase  (A=0.1%  TFA  in  water,  B=0.1%  TFA  in 
MeCN).  HPLC  fractions  were  analyzed  by  FAB-MS  and  amino  acid  analysis, 
resulting  in  full  and  unambiguous  characterization  of  all  components. 

The  cysteines  in  Cl,  C2  and  C5  were  so  placed  as  to  provide  the  distinction 
between  the  two  leucine  zipper  models  (Figure  1).  In  Cl,  both  cysteines  are  placed 
on  g  and  g'  positions  of  both  helices  and  the  hydrophilic-hydrophobic  (Figure  lb) 
model  would  allow  for  a  fast  disulfide  cyclization,  while  the  hydrophobic- 
hydrophobic  (Figure  la)  model  would  not  permit  an  efficient  disulfide  bond 
formation.  We  observed  (Figure  2)  a  single  peak  over  the  period  of  150  hr  with 
unchanged  retention  time  corresponding  to  intact  (reduced)  Cl.  In  C2,  both  a  and  •' 
positions  face  each  other  in  the  hydrophobic-hydrophobic  coiled-coil  (Figure  la)  and 
are  out  of  phase  in  the  hydrophilic-hydrophobic  model  (Figure  lb),  facilitating  fast 
and  slow  cyclization  rates,  respectively.  This  order  is  opposite  to  the  expected 
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gabcdefgabcdefgabcdefgabcdefgabcd 
Ac-RMKOLEDKVEELLSKNYHLENKV  ARI  -KKLVOER-NH-.  GCN4  (1-33) 


Ac-CM _ X _  Cl 

Ac-RC . X. .  C2 

AC-RM......C . C5 


Fig.  1.  The  hydrophobic-hydrophobic  (e  \ydrop  ..tic-hydrophobic  (b)  leucine  zipper 
models  and  the  sequences  of  Cl.  C2,  C5. 
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Fig.  2.  Time  course  of  the  disulfide  oxidation  of  Cl,  C2,  C5  (separately)  and  as  a  mixture. 
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cyclization  rates  for  Cl.  Indeed,  we  found  that  within  less  than  18.5  hrs  the  reduced 
form  of  the  C2  peptide  is  converted  to  its  oxidized  form,  as  confirmed  by  AAA  and 
FAB-MS.  The  situation  is  distinctly  different  for  C5,  featuring  Cys  on  positions  d 
and  d'.  Both  models  allow  for  the  disulfide  bond  formation,  as  d  and  d*  face  each 
other  in  both.  Accordingly,  we  determined  that  C5  oxidizes  slowly  with  about  30% 
conversion  within  150  hrs.  In  the  experiment  involving  the  mixture  of  Cl,  C2  and 
C5  all  of  the  above  observations  are  manifested:  C2  (S-S)  forms  very  fast,  followed 
by  a  slow  rate  of  C5  (S-S)  formation  and  no  detectable  Cl  (S-S)  formation. 
Additionally,  a  mixed  disulfide  C1-C2  appears  within  4  hours  (Figure  2).  An 
inspection  into  the  models  (Figure  1)  indicates  that  C1-C2  disulfide  formation  is 
possible  in  both  leucine  zipper  models.  Rates  of  C2  (S-S)  and  C5  (S-S)  formation 
are  slower  than  in  experiments  with  C2  and  C5  alone,  respectively.  This  is  caused  by 
the  pseudo-dilution  phenomenon  as  all  the  leucine-zipper  molecules  recognize  and 
bind  to  each  other,  since  the  dimer  stability  is  not  greatly  influenced  by  a  single 
point  mutation.  Thus,  if  C5  binds  to  either  Cl  or  C2,  no  cross-linking  occurs  as  a 
result  of  mismatched  geometry.  C5  needs  to  dissociate  and  to  again  associate  with 
another  C5  to  eventually  cross-link,  resulting  in  overall  slower  cross-linking  rates 
(compared  to  pure  C5). 

The  experimental  evidence  clearly  establishes  that  C2  dimerizes  and  oxidizes 
very  fast.  C5  oxidation  rate  is  lower,  whereas  Cl  does  not  oxidize,  even  upon 
extended  standing  (>150  hr).  When  these  rates  are  compared  with  the  ones  predicted 
by  the  models,  the  hydrophobic-hydrophobic  leucine  zipper  model  is  strongly 
supported  (Figure  la)  [1,  2].  A  recently  published  X-ray  structure  of  the  GCN4 
leucine  zipper  [4]  fully  supports  our  conclusions.  We  have  shown,  that  even  in  the 
absence  of  X-ray  data,  covalent  trapping  can  be  used  to  determine  the  mutual 
orientation  of  helices  in  a  coiled-coil.  We  postulate  that  this  approach  can  define  the 
dimerization  interface  in  biologically  important  molecules  for  further  drug  design. 
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Introduction 

We  have  rationally  designed  highly  engineered  synthetic  peptides  to  provide 
enhanced  inununogenicity  and  specificity  for  the  contraceptive  vaccine  candidate 
LDH-C4  into  aa  [1]  and  0$  [2]  motifs,  and  a  loop  region  from  the  same  antigen 
into  a  zinc  finger  peptide  motif  [3].  Loop-structured  and  turn  motifs  have  been 
shown  to  comprise  protein  antigenic  sites  and  such  segments  have  traditionally  been 
stabilized  via  disulfide  bonding  or  chemical  cyclization  reactions  resulting  in 
conformationally  rigid  structures  which  as  a  rule  do  not  accurately  mimic  the  native 
protein  loop.  We  have  demonstrated  that  the  disulfide  loop  38-57  of  the  glycoprotein 
hormone  human  chorionic  gonadotropin  ^-subunit  (P-hCG)  is  more  immunogenic 
than  the  uncyclized  peptide,  however,  with  low  levels  of  cross-reactivity  to  hLH. 
The  aim  of  this  study  is  to  further  examine  the  potential  use  of  the  zinc  finger 
peptide  motif  as  an  alternative  strategy  to  mimic  loop  regions. 

Results  and  Discussion 

A  12  residue  loop  sequence  of  p-hCG  was  engineered  into  a  consensus  zinc 
finger  peptide  motif.  Of  four  initial  constructs,  three  formed  characteristic  zinc  finger 
peptides  (two  of  these  had  the  epitope  in  the  N— >C  orientation,  one  with  C-»N 
configuration).  A  promiscuous  T-cell  epitope  (TT3)  was  colinearly  synthesized  with 
one  forward  (ZF2)  and  one  reverse  (ZF4)  epitope  zinc  finger  peptide  to  yield  ZF2TT3 
and  ZF4TT3  immunogens.  The  zinc  finger  constructs  were  synthesized  via  solid- 
phase  methods  using  FMOC/t-butyl  strategy.  The  zinc  finger  peptides  were  purified 
to  >90%  homogeneity  (as  determined  by  RP-HPLC  and  CZE).  ZF2,  ZF4,  ZF2TT3 
and  ZF4TT3  form  1:1  complexes  with  Zn2+  as  determined  by  absorption 
spectroscopy  of  their  Co2+  complexes  (data  not  shown).  CD  spectra  show  a-helical 
and  B-structural  elements  in  the  presence  of  Zn2+;  without  metal  ion  the  peptides  are 
in  random  coil  conformation  as  shown  in  Figure  1. 
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Fig.  1.  CD  Spectra  of  zinc  finger  construct  ZF2  and  ZF2TT3.  Peptides  (250  fiM)  were 
dissolved  in  lOmM  Tris-HCl,  pH  8(0),  buffer  containing  I  equivalent  of  ZnCl2  (0),  or 
buffer  containing  1  equiv.  ZnCl2  and  50%  TFE  (A).  Spectra  were  recorded  under  N2  at 
25 CC. 


ZF2  and  ZF2TT3  competitively  inhibited  the  binding  of  labelled  whole  hCG  to 
anti-native  loop  antibodies.  Thus,  in  buffered  solution,  these  peptides  are  able  to 
compete  for  binding  sites  to  antibodies  raised  to  the  cyclized  38-57  peptide  in  a 
manner  similar  to  8hCG(40-52)  or  native  0hCG.  However,  the  reverse  sequences 
ZF4  and  ZF4TT3  did  not  inhibit  the  binding  of  native  glycoprotein  to  the  antibody. 
The  ZF2TT3  and  ZF4TT3  constructs  both  produced  high-titered  antipeptide  antibodies 
in  rabbits  and  mice  (C3H,  C57/BL6  and  BALB/c).  The  antipeptide  antibodies  were 
directed  towards  the  zinc  finger  structure,  as  evidenced  by  the  cross-reactivity  with  the 
individual  ZF2  and  ZF4  peptides.  Antibodies  of  relatively  low  titer  were  produced  in 
mice  (BALB/c  and  C3H/HeJ)  immunized  with  the  loop-DT  conjugate,  and  high  titer 
in  C57/BL6.  On  the  other  hand  the  chimeric  zinc  finger  constructs  elicited  high 
titered  antibodies  in  all  three  strains.  Immune  reactivity  of  the  zinc  finger  constructs 
for  the  native  hCG  was  minimal,  suggesting  that  the  stability  of  these  constructs  in 
adjuvant  is  not  optimal. 
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Introduction 

The  binding  of  human  growth  hormone  (hGH)  to  zinc  via  His19,  His22,  and 
Glu174  leads  to  the  formation  of  a  stable  protein  dimer  [1].  Other  growth  hormone 
species  (e.g.,  bovine  and  porcine)  also  contain  two  histidine  residues,  but  at  positions 
20  and  22.  Since  these  growth  hormone  homologs  bind  zinc  with  low  affinity,  the 
relative  placement  of  the  His  residues  appears  to  be  crucial.  An  analog  of  bovine 
growth  hormone  (bGH)  has  been  reported  that  contains  His  residues  at  positions  19 
and  22  [2],  This  compound  binds  zinc  with  high  affinity,  and  has  been  purified  using 
immobilized  metal  affinity  chromatography  [2].  We  report  that  modifying  porcine 
growth  hormone  (pGH)  in  this  manner  also  generates  a  zinc  binding  site  and  that 
binding  of  zinc  to  the  modified  protein  enhances  its  conformational  stability  without 
loss  of  bioactivity. 

Results  and  Discussion 

pGH  was  modified  by  replacing  Gin19  with  histidine,  and  His20  with  arginine 
(Q19H.H20R).  These  modifications  resulted  in  the  placement  of  two  histidine 
residues  at  i  and  i+3  positions  of  the  primary  structure.  Since  this  region  of  the 
protein  forms  an  a-helix,  the  histidine  sidechains  are  expected  to  be  separated  by  a 
distance  of  =5  A,  suitable  for  zinc  binding.  Using  size  exclusion  chromatography, 
we  find  that  this  interaction  results  in  the  formation  of  a  protein  dimer  (data  not 
shown). 

We  find  that  zinc  binding  by  Q19H.H20R  alters  its  conformational  behavior. 
For  example,  the  equilibrium  denaturation  behavior  of  pGH  and  Q19H.H20R  were 
compared  in  the  presence  and  absence  of  zinc.  We  found  that  the  midpoint  of  the 
denaturation  curve  for  Q19H.H20R  +  Zn  increased  significantly  relative  to 
Q19H.H20R  +  EDTA  (Table  1).  In  contrast,  the  denaturation  midpoint  of  pGH  was 
not  significantly  altered  by  zinc.  In  addition,  we  determined  the  effect  of  zinc 
chelation  on  the  aggregation  of  partially-denatured  pGH  and  Q19H,H20R. 
Aggregation  of  partially-denatured  growth  hormone  is  a  well-characterized  process 
that  can  lead  to  significant  loss  of  protein  during  purification  and  handling  [3,  4], 
Aggregation  can  be  measured  (±  10%)  using  a  two-step  solubility  assay.  We  found 
that  when  Q19H,H20R  binds  zinc  there  is  a  significant  reduction  in  the  amount  of 
aggregation  observed  (Table  I ).  The  effect  of  this  modification  on  rat  weight  gain 
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activity  is  also  shown.  Since  the  precision  of  this  assay  is  ±  20%  [S],  these  results 
indicate  that  there  is  no  difference  in  the  in  vivo  bioactivity  of  these  compounds. 

Table  1  Conformational  behavior  ofpGH  and  Q19H.H20R  ±  Zn 


Protein 

Denaturation 
midpoint  (M) 

Relative 

precipitation 

(%) 

Relative  | 

bioactivity  g 

(%)  | 

pGH  ±  Zn 

2.6 

100 

117  1 

Q19H,H20R  +  Zn 

3.0 

75 

120  I 

Q19HJH20R  +  EDTA 

2.5 

97 

134  | 

To  summarize,  in  the  presence  of  zinc,  the  metal-binding  analog  is  more 
resistant  to  denaturation  and  aggregation.  In  addition,  Q19H,H20R  is  bioequivalent 
to  pGH  in  a  rat  weight  gain  bioassay. 
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Introduction 

Typically,  template-assembled  synthetic  proteins  (TASPs)  have  high  secondary 
structure  content,  but  there  is  little  direct  evidence  for  the  presence  of  native-like 
folded  conformations  [  1  ].  We  have  used  an  inorganic  complex  to  assemble  a  three -a- 
helix  bundle  protein.  This  metalloprotein  contains  a  unique  reporter  group  which 
enables  us  to  probe  the  steepness  of  the  potential  energy  surface  of  the  peptide  bundle 
[21. 

Results  and  Discussion 

The  strong  Fe(II)  chelating  ligand  2,2'-bipyridine  was  covalently  attached  to  the 
N'  terminus  of  a  15-residue  amphiphilic  peptide(AEQLLQEAEQLLQEL-amide)  as 
previously  described  [3],  The  modified  peptide  (pepy)  trimerizes  on  addition  of  Fe(II) 
with  a  concomitant  increase  in  a-helicity  from  35%  to  80%  at  pH  4.8.  The  AG  of 
folding  was  measured  as  -2.4  kcal/mole  by  GnHCl  denaturation  ([GnHCl]j/2=3.4  M, 
m=0.73).  A  truncated  analog(AEQLLQEL-amide)  was  also  synthesized  for 
comparison. 

The  iron  complex  exists  as  four  separable  isomers.  They  were  characterized  by 
NMR  of  the  bipyridine  region  and  by  CD.  The  isomers  are  metastable  and 
interconvert  with  a  half-life  of  about  8  hours  at  RT. 

The  equilibrium  isomer  ratio  of  Fe(pepy>3  is  non-statistical.  The  range  of 
relative  energies  spanned  by  the  four  isomers  is  only  0.25  kcal/mole  If  the  peptide 
is  denatured  (thermally,  by  addition  of  GnHCl,  or  by  altering  the  pH)  before  addition 
of  iron,  then  the  isomer  ratio  approaches  the  statistical  distribution.  The  truncated 
analogue  showed  a  nearly  statistical  distribution  of  four  isomers,  presumably  due  to 
pom-  peptide  interaction. 

CD  was  used  to  probe  the  secondary  structure  content  of  the  four  isomers  of 
Fe(pepy)3.  The  A -mer  isomer  has  a  very  high  helical  content  (95-100%)  and  the 
other  three  isomers  have  moderately  high  helical  contents  (45-55%). 

When  an  unsymmetrical  bidentate  ligand  such  as  pepy  binds  a  metal  in 
octahedral  coordination,  four  diastereomers  are  formed:  A -fac,  k-fac,  A-mer,  and  A- 
mer.  The  A/A  "propeller"  enantiomers  could  interact  diastereomerically  with  the 
chiral  peptides  or  with  the  supercoiling  [4]  of  the  helix  bundle.  In  the  facial  isomers, 
the  bases  of  the  helices  are  all  9  A  apart,  while  in  the  meridional  isomers,  the  bases 
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of  the  helices  are  anchored  9, 9,  and  14A  apart.  The  tertiary  structures  built  on  these 
four  templates  cannot  possibly  be  the  same. 

Fe(pepy)3  is  a  monomeric  metalloprotein  with  four  separable  tertiary 
conformations.  The  system  is  somewhat  similar  to  ones  that  contain  proline 
residues  which  undergo  cis-trans  isomerism  and  as  a  result  can  exist  in  different 
conformations  [S].  High  secondary  structure  content  in  this  designed  protein  does  not 
imply  the  presence  of  an  unique  tertiary  structure,  nor  does  it  correspond  to  high 
stability. 

The  energy  differences  between  the  four  isomers  are  small,  suggesting  that  the 
peptides  can  fold  regardless  of  what  template  structure  is  offered.  These  results 
suggest  the  potential  energy  surface  for  this  bundle  of  three  parallel  a-helices  is  broad 
and  shallow  compared  to  native  proteins. 
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Introduction 

A  knowledge  of  the  way  in  which  peptides  and  proteins  assemble  is  essential 
for  the  design  of  biomolecules  with  novel  functions.  One  of  the  simplest  self 
associating  systems  is  the  assembly  of  two  or  three  helical  peptides  into  a  coiled -coil 
motif.  The  two  helix  coiled-coil  is  the  basis  of  the  leucine  zipper  dimerization  motif 
found  in  many  classes  of  DNA  binding  proteins  [1],  whereas  the  three  helix  coiled- 
coil  has  been  identified  in  proteins  such  as  laminin  and  thrombospondin  [2],  The  two 
helix  coiled-coil  contains  a  heptad  repeat  with  a  3-4  hydrophobic  repeat.  This  yields 
a  hydrophobic  face  within  the  helix,  which  dimerizes  in  a  parallel  fashion,  while 
packing  the  sidechains  efficiently  in  a  "knobs  in  holes"  manner  [3], 

Results  and  Discussion 

We  have  designed  a  sixteen  amino  acid  residue  peptide  to  dimerize  in  aqueous 
solution.  The  peptide,  Leu4,  was  designed  with  a  minimalistic  sequence  containing 
amino  acid  residues  with  a  high  propensity  to  exist  in  an  a-helix:  leucine,  glutamate 
and  lysine  (Figure  1)  [4],  The  peptide  was  designed  to  be  an  amphiphilic  helix,  with 
all  of  the  hydrophobic  leucine  residues  on  one  face  of  the  helix  and  the  hydrophilic 
residues  on  the  other  face.  The  potential  for  intramolecular  salt  bridges  has  been 
designed  into  the  peptide  by  positioning  glutamate  and  lysine  three  or  four  residues 
apart  whenever  possible  [5].  The  amino  terminus  has  been  acetylated  and  the  car  boxy 


Helical  Wheel  Representation 


Helical  Net  Diagram 


Leu4  Peptide: 

AcNH-Glu-du-Leu-<3u-Ly*-Lyf-Leu-Ly*-Qu-Leu*Glu-Glu-Ly»'Leti*Ly»'Lya-NH2 

Fig.  I.  The  sequence  of  the  minimalistically  designed  associating  amphiphilic  a-helical 
peptide  Leu4. 
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terminus  converted  into  a  primary  amide  to  reduce  any  helix  destabilization  due  to 
electrostatic  repulsion  between  the  charged  termini  and  the  helix  dipole.  Also  to  this 
end,  glutamate  has  been  positioned  at  the  amino  terminus  and  lysine  at  the  carboxy 
terminus  in  the  peptide  to  increase  the  potential  for  charge  stabilization  with  the 
sidechains  of  these  amino  acids  and  the  helix  dipole  [6]. 

Leu4  was  synthesized  by  standard  solid  phase  methods  on  a  polystyrene  support 
developed  by  Rink  [7],  and  fluorenylmethyloxycarbonyl  (Fmoc)  was  used  as  the 
semipermanent  amine  protecting  group.  The  peptide  was  cleaved  from  the  resin  with 
TFA  and  purified  to  homogeneity  by  HPLC.  Circular  dichroism  experiments  were 
performed  by  measuring  the  mean  residue  ellipticity  between  190  and  260  nm  at  a 
range  of  peptide  concentrations  (Figure  2).  At  a  concentration  of  119  pM,  the 
spectrum  of  Leu4  was  typical  of  that  of  a-helical  proteins  and  the  helical  content  was 
estimated  to  be  77%  [8],  As  the  concentration  of  the  peptide  was  lowered  there  was  a 
concomitant  decrease  in  the  mean  residue  ellipticity  at  222  nm,  which  is  consistent 
with  an  aggregation  event.  The  data  was  analyzed  according  to  various  monomer- 
rnner  equilibria  using  a  nonlinear  regression  program  (MLAB),  and  best  fits  were 
obtained  with  both  n= 2  and  3. 


Fig.  2.  The  CD  spectrum  ofLeu4  at  119  pM  and  7  pM. 

The  apparent  molecular  weight  of  Leu4  was  determined  by  size  exclusion 
chromatography  on  Sephadex  G-50.  A  calibration  curve  was  obtained  with  known 
protein  standards  and  the  apparent  molecular  weight  of  Leu4  was  determined  to  be 
5432  by  interpolation  from  the  standard  curve.  By  dividing  this  value  by  the  actual 
molecular  weight  an  aggregation  state  of  2.6  was  obtained  for  Leu4. 

Crosslinking  experiments  were  performed  to  determine  if  Leu4  is  in  a  parallel 
or  antiparallel  orientation  within  the  dimer.  Two  peptides  were  synthesized 
containing  the  core  sequence  of  Leu4,  but  with  a  Gly-Gly-Cys  sequence  added  to  the 
N-terminus  and  a  Gly  added  to  the  C-terminus  of  peptide  1,  and  a  Gly-Gly-Cys 
sequence  added  to  the  C-terminus  of  peptide  2.  A  1 : 1  mixture  of  peptides  1  and  2 
was  equilibrated  and  the  free  cysteines  were  oxidized.  If  the  peptides  had  no  preference 
for  a  parallel  or  antiparallel  arrangement  a  2:1:1  statistical  mixture  of  peptides  3, 4, 
and  5  would  be  obtained,  respectively  (Figure  3).  Upon  oxidation,  however,  a  1 :2:2 
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mixture  of  peptides  3, 4,  and  5  was  obtained.  In  aqueous  solution,  therefore,  80%  of 
the  peptides  exist  as  parallel  dimers. 


<u 


(MW.2329) 


Antiparallel 
self  assembly 


+ 


(2) 

(MW-2272) 


Parallel 
self  assembly 


SH  C  SH  SH  SH  SHSHCSH 

00  DO  m-OD-OD 

G  SH  SH  C  G  SH 

+ 


Fig.  3.  Crosslinking  experiments  to  determine  the 
aqueous  solution. 


<s) 


orientation  of  the  peptide  dimers  in 


In  conclusion  we  have  prepared  the  smallest  helical  peptide  reported  to  date 
which  self  assembles  into  both  a  two-  and  three-helix  molecule  in  aqueous  solution. 
A  parallel  orientation  is  adopted  by  80%  of  the  molecules  as  determined  by 
crosslinking  experiments.  Further  experiments  are  underway  to  design  peptides 
which  adopt  either  two-  or  three-helix  motifs. 
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Introduction 

We  have  previously  shown  that  a  stable  antiparallel  coiled-coil  can  be  formed 
from  a  pair  of  peptides  that  normally  form  parallel  coiled-coils  [1].  However,  under 
benign  conditions  this  antiparallel  coiled-coil  was  not  spontaneously  formed  in  a 
significant  amount.  Therefore,  the  objective  of  this  study  was  to  determine  what 
interactions  are  responsible  for  controlling  parallel  or  antiparallel  orientation  of  the 
a-helices  in  the  coiled-coil  motif. 

Results  and  Discussion 

Two-stranded  coiled-coils  were  formed  by  disulfide-bond  formation  between  two 
35-residue  peptides  containing  five  heptad  repeats  of  either  the  KgLaEbAcLdEeGf  or 
EgLaAbEcLdKeGf  sequence.  Cysteine  residues  were  included  at  either  position  2  ot 
33  such  that,  after  disulfide  bond  formation  by  air  oxidation  of  appropriate  peptide 
mixtures  under  benign  conditions,  70-residue  coiled-coils  with  either  parallel  or 
antiparallel  orientation  of  a-helices  were  formed.  Leucine  at  either  position  16  or  19 
of  each  chain  was  substituted  with  Ala  in  order  to  bring  the  stabilities  to  within  the 
range  of  Gdn-HCl  and  urea  denaturations.  Thus,  four  disulfide-bridged  coiled-coils 
were  formed,  namely,  parallel  coiled-coils  with  interchain  electrostatic  attractions 
(P/A)  and  repulsions  (P/R),  as  well  as  antiparallel  coiled-coils  with  interchain 
electrostatic  attractions  (A/A)  and  repulsions  (A/R)  (Figure  1).  Figure  2  shows  that 
under  benign  conditions  the  coiled-coils  with  interchain  electrostatic  attractions 
(Figure  2A  and  2C)  were  preferentially  formed  while  those  with  interchain 
electrostatic  repulsions  (Figure  2B  and  2D)  were  not,  both  for  parallel  and  antiparallel 
coiled-coils.  These  results  suggest  that  the  interchain  electrostatic  repulsions  prevent 
the  "coming  together"  of  the  two  chains  to  form  the  heterostranded  products.  This 
interpretation  is  consistent  with  the  observation  that  when  the  electrostatic  repulsions 
were  masked  by  addition  of  salts  during  air  oxidation  (Figure  2E  and  2F)  the 
heterostranded  coiled-coils  with  interchain  electrostatic  repulsions  also  became  the 
major  products,  as  expected  from  random  combinations.  Circular  dichroism  spectra 
of  the  four  disulfide-bridged  heterostranded  peptides  under  benign  conditions  showed 
that  the  ratio  of  the  molar  ellipticities  at  220  nm  to  those  at  208  nm  was  -  1 .0, 
typical  of  two  a-helical  chains  forming  a  coiled-coil  [2].  In  the  presence  of  50% 
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Fig.  1.  Cross  section  diagrams  of  the  third  ( middle )  heptads  of  the  disulfide-bridged 
coiled- coils  showing  interchain  electrostatic  repulsions  (dashed  arrows)  and  attractions 
(solid  arrows).  In  the  parallel  coiled-coils  the  direction  of  chain  propagation  (N—rC)  goes 
downward  (into  the  paper  for  both  chains).  In  the  antiparallel  coiled-coils,  chain  1  goes 
downward  (into  the  paper)  while  chain  2  goes  upward  (towards  the  reader).  The  pair  of  Ala 
residues  are  shown  in  boxes  to  indicate  that  they  are  above  (towards  the  reader )  the  Leu 
pairs. 


10  IS  ao  25  J«  is  10  M  20  M  10  1ft  30  25  30  3S 


Retention  time,  min. 

Fig.  2.  Reversed-phase  HPLC  chromatograms  of  the  disulfide-bridged  products  from  the 
oxidation  of  a  mixture  of  peptides  in  100  mM  NH4HCO3  pH  8.3  The  desired  products  are 
highlighted  while  the  other  peaks  correspond  to  the  parallel  homostranded  coiled-coils 
that  are  formed  as  oxidized  co-products  of  the  reactions.  Oxidation  was  allowed  to  proceed 
for  about  24  hr  by  stirring  the  peptide  mixture  (0.5  mg  of  each  peptide  per  ml)  in  100  mM 
NH4HCO3,  pH  8.3.  All  peaks  correspond  to  disulfide-bridged  (oxidized)  products.  In  E  and 
F  the  oxidations  were  carried  out  in  the  same  buffer  system  in  the  presence  of  mixed  salts 
(0.5  M  NaClO/lM  MgCl2). 
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TFE,  which  disrupts  tertiary  and  secondary  structures,  the  220/208  ratio  decreased  to 
~0.9,  which  is  characteristic  of  non-interacting  a-helices  [2].  These  are  strong 
indications  that  these  disulfide-bridged  heterostranded  peptides  exist  as  coiled-coils 
under  benign  conditions.  The  GdnHCl  denaturation  data  (Table  1)  showed  that  the 
antiparallel  coiled-coils  were  more  stable  than  the  parallel  coiled-coils  but  the  type  of 
interchain  electrostatic  interactions  had  no  or  very  little  effect  on  the  stability.  On 
the  other  hand,  urea  and  thermal  denaturation  data  showed  that  those  with  interchain 
electrostatic  repulsions  were  less  stable  than  the  corresponding  coiled-coils  with 
interchain  electrostatic  attractions.  This  is  probably  because  Gdn-HCl  as  a  salt 
masks  the  interchain  electrostatic  interactions  and  therefore  measures  the  stability  due 
to  hydrophobic  interactions.  On  the  other  hand,  the  uncharged  urea  preserves  the 
interchain  electrostatic  interactions  and  therefore  the  measured  stability  reflects  the 
sum  of  the  contributions  of  hydrophobic,  ionic  (stabilizing  or  destabilizing),  and 
possibly  other  interactions  [1]. 


Table  1  Ellipticities  and  stabilities  of  the  three  coiled-coil  peptide  analogs 


Coiled-coil 

Alignment 

Interchain 

Electrostatic 

Interactions 

[8J220* 

(deg-emr-dmor1) 
Benign  50%  TFE 

[Gdn]J/2b 

(M) 

[Urea]j/2b 

(M) 

*mc 

(°C) 

Parallel 

Attractions 

-30,450  -29,060 

2.6 

3.1 

71 

Parallel 

Repulsions 

-28,090  -24,700 

2.6 

0.8 

57 

Antiparallel 

Attractions 

-29,680  -27,600 

4.0 

4.2 

71 

Antiparallel 

Repulsions 

-30,100  -27,800 

3.6 

1.4 

68 

a[0]22O  is  the  calculated  molar  ellipticity  of  the  coiled-coils  at  220  nm;  bThe  [Gdn]1/2  and 
[Urea] values  represent  the  concentration  of  denaturant  at  which  50%  of  the  peptide  is 
unfolded;  ctm  is  the  temperature  at  which  50%  of  the  peptide  is  unfolded. 


This  study  is  the  first  to  demonstrate  conclusively  that  the  favored  alignment  of 
a-helical  chains  in  coiled-coils  is  the  one  that  provides  interchain  electrostatic 
attractions  between  oppositely-charged  amino  acid  residues  in  the  "e-g'  "  and  ”g-e'  " 
positions  of  the  parallel  coiled-coils  and  the  " g-g '  "  and  "e-e*  "  positions  in  the 
antiparallel  coiled-coil.  The  antiparallel  coiled-coils  were  more  stable  than  the 
parallel  coiled-coils,  but  the  overall  stability  of  either  coiled-coils  is  either  increased 
by  the  stabilizing  effect  of  interchain  electrostatic  attractions  or  decreased  by  the 
destabilizing  effect  of  interchain  electrostatic  repulsions.  Thus,  the  order  of  stability 
of  these  coiled-coils  was  A/A>P/A>A/R>P/R. 
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Introduction 

We  have  been  interested  to  use  coiled-coil  conformational  motifs  to  present  a- 
helical  and  loop  recognition  sequences  from  native  proteins  and  peptides.  We  have 
made  a  56- residue  model  polypeptide  designed  to  fold  into  a  stable  coiled-coil  stem- 
loop  (CCSL)  structure  (an  intramolecular  coiled-coil  joined  at  one  end  by  a  loop)  as 
shown  in  Figure  1A.  The  antiparallel  alignment  of  the  coiled-coil  is  dictated  by  the 
sequence  of  the  hydrophobic  residues  at  the  coiled-coil  interface,  which  consists  of 
leucine  and  valine  residues  in  the  helical  wheel  positions  d-a'  and  a-d',  respectively 
(Figure  1C).  Glutamic  acid  and  lysine  residues  are  positioned  across  from  each  other 
on  the  helices  in  the  e-e'  and  g-g'  positions  [1]  to  further  align  and  stabilize  the  folded 
conformation  through  the  formation  of  salt  bridges  (Figures  1A  and  C).  Serine 
residues  are  placed  on  the  exposed  b,  c  and /  positions  of  both  helices  to  increase  the 
solubility  of  the  peptide  (Figures  1A  and  C).  The  loop  segment  connecting  the  a- 
helices  begins  and  ends  with  the  helix  breaking  residues  glycine  and  proline  (Figure 
IB). 

Results  and  Discussion 

The  CCSL  peptide  exhibits  a  typical  a-helical  circular  dichroism  spectrum  for  a 
coiled-coil  peptide  in  aqueous  buffer  with  high  molar  ellipticity  minima  at  222  and 
208  nm  as  shown  in  Figure  2.  The  helicity  of  the  56-residue  polypeptide  calculated 
from  the  observed  ellipticity  at  222  nm  (-28,000  deg  cm2dmor')  is  estimated  to  be 
75%  [2]  and  is  independent  of  peptide  concentration.  The  ellipticity  minimum  at  222 
nm  remains  unchanged  upon  the  addition  of  the  helix  inducing  solvent 
trifluoroethanol  (Figure  2)  indicating  that  under  these  conditions  (pH  7.4,  25°C)  the 
peptide  is  near  its  maximum  a-helical  potential.  The  magnitude  of  the  [BI222WI208 
ratio  in  aqueous  buffer  is  1.02  suggesting  the  a-helices  are  stabilized  in  a  coiled-coil 
conformation  [3].  In  50%  trifluoroethanol  the  ellipticity  minimum  shifts  to  205  nm 
and  the  [0]222^B]20R  ratio  changes  to  0.90  indicating  single-stranded  a-helices  [4,  5]. 
The  temperature  required  to  unfold  50%  of  the  a-helical  structure,  Tm,  is  greater  than 
65°C.  The  gel  filtration  elution  position  of  the  CCSL  peptide  corresponds  to  the 
size  of  a  monomer  in  solution.  Together  these  results  suggest  that  in  aqueous 
solution  the  CCSL  peptide  forms  a  stable  monomeric  intramolecular  a-helical 
coiled-coil  structure. 

The  coiled-coil  stem  loop  peptide  is  a  single  polypeptide  chain  that  in  aqueous 
solution  spontaneously  folds  into  a  stable  predictable  conformation  independent  of 
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Fig.  J.  A:  Cartoon  of  the  intramolecular  coiled-coil  stem-loop  (CCSL)  peptide.  The  side 
chains  of  the  leucine,  glutamic  acid,  lysine  and  serine  residues  are  represented  by  L,  (-),  (+) 
and  OH,  respectively.  The  amino-  and  carboxy-terminal  carboxyamido-cysteine  residues 
are  represented  by  Cacm.  B:  The  56-amino  acid  residue  sequence  of  the  CCSL  peptide. 
Positions  of  the  heptad  repeat  are  denoted  a  to  g  for  residues  1-25  and  a'  to  g'  for  residues 
32-56.  A  six  residue  loop  occupying  positions  26-31  joins  the  two  helices.  C:  Helical 
wheel  representation  of  the  CCSL  peptide  viewed  from  the  amino-terminus.  Leucine 
residues  at  position  d  in  the  amino-terminal  a-helix  interact  across  the  interface  with 
residues  at  position  a'  in  the  carboxy-terminal  helix. 
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Fig.  2.  Circular  dichroism  spectra  of  the  CCSL  peptide  (20  ftM)  in  the  presence  ( dashed 
line)  and  absence  (solid  line)  of  the  a-helix  inducing  solvent,  trifluoroetfumol  (TFE).  The 
buffer  was  150  mM  sodium  chloride,  20  mM  phosphate,  pH  7.4  (PBS)  and  the  spectra  were 
taken  at  25  °C.  For  the  sample  containing  TFE,  the  PBS  buffer  was  diluted  with  TFE  (1:1, 
v/v). 

peptide  concentration.  Therefore,  this  molecule  represents  an  ideal  template  into 
which  recognition  elements  from  a-helical  surfaces  and  continuous  loop  residues  of 
proteins  may  be  inserted.  Helical  recognition  surfaces  may  be  created  by  inserting 
the  desired  amino  acids  into  selected  heptad  repeat  positions  b,  c,  e,f  and  g  of  either 
one  or  both  of  the  helices  of  the  CCSL  peptide.  Continuous  protein  sequences  may 
be  inserted  into  the  loop  segment  of  CCSL  peptide.  These  conformationally 
constrained  a-helical  and  loop  recognition  mimetics  can  be  used  to  study  protein- 
protein  and  protein-DNA  interactions  and  to  produce  antibodies  against  conformation 
specific  peptide  epitopes.  The  CCSL  peptide  design  also  represents  an  ideal  molecule 
for  protein  folding  studies  since  it  assumes  a  tertiary  structure  which  mimics 
conformational  elements  of  native  globular  proteins. 

The  de  novo  designed  coiled-coil  stem-loop  peptide  represents  a 
conformationally  stable  sequence-simplified  scaffold  into  which  binding  residues  from 
surfaces  of  a-helices  and  loops  of  native  proteins  and  peptides  may  be  inserted  to 
form  mimetic  recognition  molecules. 
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Introduction 

The  de  novo  designs  of  conjugates  of  a-helical  polypeptide  segments  with 
poiphyrin  ring  have  been  carried  out  in  an  attempt  to  demonstrate  various  functions, 
such  as  enzyme  model  [1],  stable  membrane  embedding  [2],  and  ion  channel  [3],  In 
further  evolution  of  membrane  protein  models,  it  is  important  that  a  more 
sophisticated  poiphyrin  compound  is  designed  and  combined  with  appropriate  peptide 
segments  bearing  other  electro-  and  photo-chemical  functions. 

In  the  present  study,  we  employed  the  bifunctional  porphyrin  compound, 

5.10.15.20- tetrakis(2-amino-5-carboxyphenyl)porphyrin  (aminoporphyrinic  acid), 
whose  a,a,a,a-atropisomer  can  combine  two  different  peptide  segments  on  each 
side  of  the  ring  system.  An  amphiphilic  a-helical  sequence  was  designed  to  be 
bundled  on  one  side  of  the  poiphyrin  ring  and  to  help  the  whole  molecule  embedded 
in  lipid  bilayer  membranes.  The  other  side  was  filled  with  rather  shorter  peptides. 
The  poiphyrin  ring  may  act  as  the  reaction  center  of  an  artificial  membrane  protein  in 
further  design  (Figure  1). 

Results  and  Discussion 

The  aminoporphyrinic  acid  1,  a  tetraphenylporphyrin  with  both  amino  and 
carboxyl  groups,  was  synthesized  as  follows.  The  reaction  of  2-nitro-5- 
methoxycarbonylbenzaldehyde  and  pyrrole  under  the  conditions  of  Lindsey  [4]  gave 

5.10.15.20- tetrakis(2-nitro-5-methoxycarbonylphenyl)porphyrin  in  37%  yield.  The 
nitro  groups  were  reduced  to  amino  groups  by  the  aid  of  SnCl2  under  Rose's 
conditions  [5].  The  desired  a,a,a,a-isomer  of  5,10,15,20-tetrakis(2-amino-5- 
methoxycarbonylphenyl)porphyrin  (aminoporphyrinic  acid  methyl  ester)  2  was 
successfully  separated  by  silica  gel  chromatography  (benzene/acetone=3/l ).  The 
thermal  stability  of  2  was  examined  at  80°C  in  DMF.  The  half  life  of  a,a,a,a- 
atropisomer  was  4  h,  and  the  activation  free  energy  in  atropisomerism  was  116 
kJ/mol.  This  value  shows  that  the  atropisomer  is  as  stable  as  5,10,15,20-tetrakis(2- 
aminophenyl)porphyrin.  The  saponification  of  2  with  NaOH  in  pyridine  gave 
ot,a,a,a-l  {FAB-MS  851  (M+H)+). 
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The  tetrapeptide,  H-Leu-His(Bom)-Leu-Ser(Bzl)-NHCH2CH2OH,  was  attached 
to  the  carboxyl  group  of  1  with  BOP/HOBt  in  DMF.  The  amino  group  was  acylated 
with  anhydride  of  Boc-Gly-OH  in  TFE/DCM  (1/3).  The  octadecapeptide,  Boc- 
Lys(ClZ)-[Glu(OcHex)-Leu-Leu-Lys(ClZ)-Leu-Leu-Leu-]2-Glu(OcHex)-Leu-Leu-OH, 
was  then  condensed  to  the  amino  side  of  the  porphyrin  ring  with  WSC/HOBt  in 
TFE/DCM  (1/3).  After  passed  through  a  Sephadex  LH-60  column,  the  protected 
peptide-porphyrin  conjugate  was  treated  with  liquid  HF.  The  desired  compound  was 
purified  by  gel-filtration  on  Sephadex  G-50.  The  mixture  of  the  peptide-porphyrin 
conjugate  with  DPPC  (50-fold  excess)  was  sonicated  to  prepare  vesicles,  which  was 
applied  to  gel-filtration  on  Sephadex  G-75  (20  mM  Tris  HC1  buffer,  pH  7.5).  The 
majority  of  the  protein  retained  in  the  fractions  containing  the  DPPC  vesicles.  This 
fact  suggests  that  the  protein  may  be  stably  embedded  in  the  lipid  bilayer  membrane 
as  illustrated  in  Figure  1.  The  spectral  characterization  of  this  membrane  protein 
model  is  under  investigation. 


Upper  Segment: 


Fig.  1.  Molecular  parts  and  assembled  artificial  membrane  protein  model. 
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Introduction 

A  two-stranded  coiled  coil  consists  of  two  a  helices  packed  against  each  other 
by  the  interaction  of  a  hydrophobic  stripe  down  one  side  of  each  helix.  Its  amino 
acid  sequence  is  characterized  by  a  repeating  seven-residue  pattern  (abcdefg)  in  which 
the  a  and  d  residues  are  generally  hydrophobic,  the  e  and  g  residues  are  oppositely 
charged,  and  the  exterior  b,  c  and  f  residues  are  hydrophilic  [1],  Hodges  and 
co-workers  [2]  have  shown  that  at  least  four  such  heptads  per  helix  are  required  to 
form  a  stable  coiled  coil  in  aqueous  solution.  Interhelical  disulfide  bridges  can 
stabilize  a  four-heptad  coiled  coil  [3, 4].  We  designed  the  44-residue  protein  P44N  to 
test  if  two  interhelical  disulfide  bridges  could  stabilize  a  three-heptad  coiled  coil  [5]. 

Results  and  Discussion 

The  reduced  22-residue  chain  of  P44N  (CDALKSKIATLEYKVASLEAKC)  was 
assembled  by  the  solid-phase  method  and  purified  by  reversed-phase  HPLC.  Air 
oxidation  gave  a  disulfide-bridged  monomer,  the  disulfide-bridged  parallel  dimer 
P44N,  and  disulfide-bridged  oligomers.  Figure  1A  shows  that  reduced  P44N  had 


Wavelength  (nm)  Wavelength  (nm) 


Fig.  I.  CD  spectra  at  pH  7  of  (A)  reduced  P44N  and  of  P44N  with  and  without  KCI  and  (B) 
P44N  in  0. 1M  KCI  and  varying  percentages  of  trifluoroethanol  (TFE). 
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Temperature  (°C)  Urea  concentration  (M) 

Fig.  2.  Relative  molar  ellipticity  at  222  nm  of  P44N  with  and  without  KCl  (A)  versus 
temperature  and  (B)  versus  urea  concentration. 

little  a-helicity  but  the  doubly  disulfide-bridged  chains  of  oxidized  P44N  were  about 
80%  a-helix  in  phosphate  buffer  and  85%  a-helix  in  0.1  M  KCl.  Figure  IB  shows 
that  20-50%  trifluoroethanol  did  not  significantly  increase  the  a-helicity  of  P44N. 

Figure  2A  shows  that  the  thermal  denaturation  of  P44N  in  phosphate  buffer 
containing  0,  0.1  or  1.0  M  KCl  did  not  show  a  significant  increase  in  stability  with 
increasing  salt  concentration.  The  melting  temperature  of  each  of  these  three 
solutions  was  near  45°C.  A  more  precise  value  could  not  be  determined  because 
P44N  usually  precipitated  at  low  temperatures.  Figure  2B  shows  that  denaturation 
of  P44N  with  urea  revealed  only  a  small  increase  in  stability  with  increasing  salt 
concentration.  P44N  was  half  denatured  by  0.5  M  urea  in  either  0  or  0.1  M  KCl. 

These  results  with  P44N  show  that  two  terminal  disulfide  bridges  can  stabilize 
the  folded  structure  of  a  three-heptad  coiled  coil.  Although  P44N  displayed  protein¬ 
like  thermal  and  chemical  denaturation  profiles,  it  was  not  as  stable  as  a  four-heptad 
coiled  coil.  Future  design  improvements  may  lead  to  three-heptad  coiled  coils  with 
increased  stability. 
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Introduction 

The  attachment  of  peptide  blocks  to  carrier  molecules  has  become  a  most 
attractive  concept  for  the  construction  of  protein-like  molecules.  In  particular,  the 
covalent  binding  of  secondary  structure  forming,  amphiphilic  oligopeptides  to 
topological  templates  according  to  the  TASP  (Template  Assembled  Synthetic 
Proteins)  approach  (1,  2]  represents  a  powerful  tool  for  the  de  novo  design  of 
functional  proteins.  Here,  we  describe  a  novel  strategy  for  the  chemical  synthesis  of 
these  branched  molecules,  making  use  of  selective  oxime  bond  formation  [3,  4]  of 
appropriately  functionalized,  side  chain  deprotec  ted  peptide  blocks. 

Results  and  Discussion 

For  the  condensation  of  unprotected  peptide  fragments  to  template  molecules 
via  oxime  bond  formation,  the  two  building  blocks  are  functionalized  by  an 
am  inooxy acetyl  group  and  an  aldehyde  group  as  depicted  in  Figure  1.  To  this  end, 
Boc-aminooxy  acetic  acid  was  coupled  to  the  N-terminal  amino  acid  of  the  growing 
peptide  chain  [H-Lys(Boc>-Arg(Pmc)-Asp(0,Bu)-Sert,Bu)-rcsin].  After  cleavage  from 
the  resin  (50%  TFA),  the  completely  deprotected  aminooxyacetylated  peptide  was 
purified  by  HPLC.  In  parallel,  the  attachment  sites  (e-amino  groups  of  lysine)  on 
the  template  molecule  [c(KGK-M-KGK-M);  M=  aminomethyl  naphthoic  acid  as 
dipeptide  mimetic]  are  transformed  to  aldehyde  functions  by  reaction  with  glyoxylic 
acid  1,1  diethylacetal  and  subsequent  hydrolysis.  The  condensation  step  of  the  water 
soluble  peptide  block  with  the  template  molecule  is  achieved  under  mild  conditions  at 
pH  5.  Due  to  the  kinetically  stable  oxime  bond  [3,  4],  the  selective  attachment  of 
the  peptide  via  its  N-terminus  is  achieved  in  good  yields.  The  target  TASP  molecule 
(Figure  1)  was  purified  by  RP-HPLC  and  its  chemical  integrity  was  established  by 
LDI-MS.  Preliminary  experiments  using  helical  peptides  of  medium-sized  chain 
length  for  the  construction  of  4a-  helix  bundle  TASP  molecules  indicate  (5]  that  the 
present  methodology  may  overcome  the  problem  of  low  solubility  of  fully  protected 
peptides  in  convergent  approaches  in  template-based  protein  de  novo  design. 
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CHO  CHO 


Fig.  1.  Synthesis  of  a  TASP  molecule  using  the  oxime  bond  for  the  attachment  of  the 
peptide  blocks  to  the  topological  template  (see  text). 
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Introduction 

Although  hydrophobic  interactions  provide  the  major  driving  force  in  initiating 
protein  folding  and  stabilizing  protein  structure,  electrostatic  interactions  are  also 
thought  to  play  an  essential  role  in  molecular  recognition,  binding,  catalysis,  protein 
folding  and  the  assembly  of  macromolecules.  In  this  study,  the  role  of  interchain 
ionic  interactions  in  protein  folding  and  stabilization  has  been  determined  using  a  de 
novo  designed  two-stranded  a-helical  coiled-  coil.  This  coiled-coil  has  been  used 
extensively  as  an  ideal  model  system  for  studying  de  novo  design  principles 
involving  both  intra-  and  inter-molecular  interactions  related  to  protein  folding  and 
stability  (1-13).  The  two-stranded  a-helical  coiled-coil  is  characterized  by  a  heptad 
repeat  denoted  as  abcdefg,  where  positions  a  and  d  are  normally  occupied  by 
hydrophobic  residues  and  positions  e  and  g  by  oppositely  charged  residues  (Figure  1). 
The  oppositely  charged  residues  at  positions  g  and  e  of  adjacent  heptads  strongly 
favor  the  formation  of  interchain  ion-pairs  that  would  be  expected  to  stabilize  a 
parallel  and  in-register  arrangement  of  the  coiled-coil. 

Results  and  Discussion 

The  model  coiled-coil  (denoted  as  EK)  containing  only  interchain  ionic 
interactions  without  any  possible  (i,i+3)  and  (i,i+4)  intrachain  ionic  interactions 
(Figure  1)  was  designed.  The  double  minima  at  207  and  220  nm  in  the  CD 
spectrum,  the  high  ellipticity  of  -28,850  degrem^dmol'1  of  [0]22o  >n  benign  buffer 
(0. 1  M  KC1,  50  mM  P04,  pH  7)  and  no  increase  in  helicity  upon  addition  of  the  a- 
helix  enhancing  solvent  TFE  indicate  that  peptide  EK  is  predominantly  a-helical. 
The  dimeric  molecular  weight  of  EK  was  determined  by  size-exclusion 
chromatography  and  sedimentation  equilibrium  experiments.  These  results  indicate 
that  peptide  EK  forms  a  stable  coiled-coil  structure  in  benign  medium. 

Two  peptide  analogs  EE  and  KK  containing  only  negatively  charged  Glu  or 
positively  charged  Lys  residues  at  both  positions  e  and  g  were  designed  to  exhibit 
interchain  ionic  repulsions  in  the  homostranded  coiled-coil  (Figure  1).  Each  peptide 
shows  little  a-helical  structure  in  benign  buffer  (Figure  2),  whereas  they  are  highly 
helical  in  the  presence  of  50%  TFE,  suggesting  that  the  interchain  ionic  repulsions 
prevent  the  dimerization  which  stabilizes  the  helical  structure  in  the  coiled-coil  by 
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Fig.  2.  CD  spectra  of  the  equimolar  mixture  of  EE/KK  and  peptide  EE  or  KK  alone  in  0. 1  M 
KCl.  50  mM  P04  buffer  pH  7  at  20’C. 


Fig.  3.  pH  dependence  of  the  ellipticities  of  the  EE  and  KK.  All  measurements  were 
performed  in  0.1  M  KCl,  50  mM  P04  buffer  at  20  ’C. 
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hydrophobic  interactions.  However,  an  equimolar  mixture  of  these  two  peptides 
displays  -100%  a-helical  content  under  the  same  conditions  (Figure  2).  The  major 
implication  of  this  result  is  that  formation  of  homo-  and  hetero-stranded  coiled-coils 
can  be  controlled  by  the  residues  at  positions  e  and  g.  A  homodimeric  coiled-coil 
constructed  with  Glu  residues  at  e  positions  and  Lys  residues  at  g  positions  would 
produce  interhelical  ionic  attractions  to  stabilize  the  homodimer.  In  contrast, 
placement  of  negatively  charged  residues  in  one  helix  and  positively  charged  residues 
in  the  other  helix  at  both  e  and  g  positions  would  result  in  the  formation  of  a 
heterodimeric  coiled-coil  which  is  stabilized  by  interhelical  ionic  attractions  while 
destabilizing  the  formation  of  homodimeric  coiled-coils  by  interhelical  ionic 
repulsions. 

If  a  coiled-coil  structure  is  prevented  from  forming  by  interchain  ionic 
repulsions,  protonation  of  the  side-chains  of  Glu  residues  in  peptide  EE  at  acidic  pH 
or  deprotonation  of  the  side-chains  of  Lys  residues  in  peptide  IGC  at  basic  pH  would 
be  expected  to  induce  homostranded  coiled-coil  formation.  The  dramatic  effects  of  pH 
on  coiled-coil  formation  is  demonstrated  in  Figure  3.  At  acidic  and  basic  pH,  the  Glu 
and  Lys  side-chains  are  no  longer  ionized  and  interchain  ionic  repulsions  would  not 
exist  which  would  allow  the  formation  of  the  coiled-coils.  The  destabilizing  effect  of 
electrostatic  repulsions  on  the  formation  of  the  coiled-coil  can  also  be  overcome  by 
increasing  salt  concentration.  However,  the  salt  concentration  required  to  induce  the 
transition  varied  significantly  among  the  different  salts.  In  the  case  of  peptide  KK, 
C104"  anions  are  more  effective  than  Cl"  (1  M  versus  3  M  respectively  required  to 
induce  maximum  a-helix).  For  peptide  EE,  Mg2+  is  more  effective  than  K+  cations. 
These  results  imply  that  ionic  repulsions  can  be  used  advantageously  in  the  de  novo 
design  of  pH  and  salt  sensitive  proteins. 
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Introduction 

The  use  of  the  conventional  segment  condensation  method  with  maximal 
protection  strategy  is  limited  by  the  low  coupling  efficiency  and  poor  solubility  of 
large,  protected  peptide  segments.  Different  approaches  intended  to  overcome  these 
problems  have  been  developed  during  the  past  decades  [1,2].  On  the  other  hand, 
alternative  approaches  to  the  conjugation  of  unprotected  peptides  from  synthetic  or 
semisynthetic  sources  by  surrogate  peptide  bonds  such  as  hydrazone,  thioether  and 
thioester  are  receiving  considerable  attention  [3,  4].  However,  these  approaches 
cannot  give  rise  to  a  real  peptide  bond.  Furthermore,  the  linkages  in  question  usually 
are  not  as  stable  as  the  amide  linkage  in  peptide  chains.  Enzymatic  peptide  synthesis 
by  reverse  proteolysis  is  a  particular  method  of  forming  peptide  bonds  between 
unprotected  peptide  segments.  While  this  method  has  been  used  mostly  in  the 
synthesis  of  small  peptides,  its  application  in  the  ligation  of  large  peptide  segments 
has  rarely  been  successful.  We  recently  developed  a  new,  selective  chemical  ligation 
method,  the  domain  ligation  strategy,  to  form  a  peptide  bond  between  two 
unprotected  peptide  segments.  This  paper  outlines  the  steps  in  the  design  and 
development  of  this  strategy. 

Results  and  Discussion 

Enzymatic  coupling  is  the  initial  step  in  the  development  of  our  ligation 
strategy.  For  this  purpose,  we  have  developed  a  new  class  of  resins  (Figure  1)  which 
allows  the  preparation  of  totally  unprotected  peptide  esters  by  solid  phase  peptide 
synthesis.  Since  peptide  esters  are  usually  suitable  substrates  for  kinetically 
controlled  enzymatic  peptide  synthesis,  they  can,  in  principle,  be  used  directly  in 
enzymatic  coupling  to  another  peptide  segment.  We  take  advantage  of  the  versatility 
of  enzymatic  coupling  to  effect  the  site-specific  functionalization  of  an  unprotected 
peptide  segment.  In  this  way,  special  functional  groups  can  be  introduced  to  the  C- 
terminus  of  a  peptide,  which  would  specifically  react  with  a  second  peptide  that  has  a 
corresponding  functionality  on  its  N-terminus. 

In  our  domain  ligation  strategy,  an  ester-aldehyde  linkage  should  be  introduced 
to  the  C-terminus  of  one  peptide.  This  is  made  possible  by  enzyme-catalyzed 
coupling  using  a  small  amino  component  carrying  such  a  linkage.  The  aldehyde 
group  will  react  specifically  with  the  N-terminal  ^-functionalized  amino  group  of  the 
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Fig.  I.  Domain  Ligation  Strategy  -  synthesis  of  a  24  residue  peptide. 
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second  peptide  to  form  a  ring  product.  The  ester  bond  is  located  in  a  position  that 
favors  the  subsequent  amide  bond  formation  through  an  0,N-acyl  transfer  reaction. 
As  an  example,  a  peptide  of  24  residues  was  synthesized  in  high  yield  by  the  domain 
ligation  strategy  through  the  coupling  of  two  segments  (1 1+13)  (Figure  1).  The  first 
1 1-mer  peptide  was  prepared  by  coupling  a  decapeptide,  SR- 10  hydroxypropyl  ester, 
with  alanine  dimethoxyethyl  ester  catalyzed  by  trypsin  in  60%  DMF/H20.  The 
obtained  1 1-mer  with  the  acetal  group  was  deprotec  ted  with  TFA  (5%  H20)  to  release 
the  aldehyde  function  which  reacts  rapidly  with  the  N-tenninal  cysteine  residue  of  the 
second  13-mer  peptide  to  form  a  thiazolidine  ring.  An  amide  bond  then  forms 
between  these  two  segments  through  the  acyl  rearrangement  reaction  undo1  very  mild 
conditions  (pH  5-7).  It  is  noticeable  that  the  three  steps  -  acetal  deprotection,  ring 
formation  and  rearrangement  -  were  conducted  in  one  reaction  vessel  and  no 
intermediate  purification  step  was  needed. 

In  conclusion,  the  domain  ligation  strategy  is  a  highly  selective  chemical 
ligation  method  to  form  peptide  bonds  between  unprotected  segments  in  aqueous 
solution.  This  strategy  combines  advantages  of  the  known  approaches  in  peptide 
chemistry.  First,  it  enjoys  the  efficiency  of  the  solid  phase  peptide  synthesis 
approach  for  the  preparation  of  large,  unprotected  and  water-soluble  peptide  segments. 
Second,  it  utilizes  the  specificity  of  an  enzyme  for  site-specific  modification  of  the 
Ca-carboxylic  group.  Finally,  it  captures  the  essence  of  the  segment  coupling 
strategy  in  solution  synthesis  by  ligating  purified  segments  to  avoid  chemical 
ambiguity.  In  theory,  it  is  also  applicable  to  the  ligation  of  peptides  or  proteins 
produced  by  recombinant  technology. 
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One  important  aspect  to  achieving  milder  and/or  more  versatile  chemical 
methods  for  solid-phase  peptide  synthesis  is  to  specify  the  mode  of  attachment 
0 anchoring )  of  the  terminal  residue  to  a  polymeric  support  (resin).  Handles  are 
defined  as  bifunctional  spacers,  or  linkers,  which  incorporate  on  one  end  features  of  a 
selectively  removable  protecting  group  and  contain  a  second  end  which  serves  to 
achieve  the  required  anchoring  as  a  separate  chemical  step  (Figure  1).  This  workshop 
presentation  reviews  a  number  of  highly  useful,  commercially  available,  handles 
which  are  compatible  with  readily  removable  //“-amino  protecting  groups  such  as  the 
acid-labile  rerr-butyloxycarbonyl  (Boc)  or  the  base-labile  9-fluorenylmethyl- 
oxycarbonyl  (Fmoc)  functions;  some  very  recent  advances  brought  to  the  fore  at  this 
Symposium  are  also  highlighted  (see  Figure  2  for  structures  of  many  but  not  all  of 
the  handles  and/or  anchoring  linkages  described  in  the  following  text;  leading 
references  can  be  tracked  down  by  referring  to  names  of  researchers  and  the  following 
general  review  [1]). 


*  *  * 


Fig.  1.  Protected  (•“ temporary  ”,  *  “permanent"  groups)  peptide  anchored  to  resin  support 
®  via  a  handle.  Stepwise  or  segment  assembly  to  elongate  the  peptide  chain  occurs  after 
anchoring  of  (usually)  a  protected  C-terminal  residue.  Most  commonly,  linkage  a  is 
created  after  forming  bond  b  which  links  the  handle  to  the  support.  In  the  “preformed" 
handle  approach,  the  purified  C-terminal  residue-handle  conjugate  (bond  a  created  first)  is 
then  connected  to  the  support  (bond  b  created  second). 

Cleavages  of  the  appropriate  anchoring  linkages  occur  under  relatively  mild  (in 
some  cases  orthogonal)  conditions  upon  exposure  to  acid,  base,  light,  fluoride  ion,  or 
palladium  (0)  in  the  presence  of  nucleophiles.  Depending  on  the  experimental 
design,  the  products  can  be  peptide  acids,  thioacids,  amides,  or  hydrazides;  either 
completely  nee  or  else  retaining  //“-amino  and/or  side-chain  protection. 

For  the  Boc/Bzl  protection  scheme  of  solid-phase  synthesis,  the  classical 
p-alkylbenzyl  esters  for  anchoring  of  peptide  acids  have  been  superseded  by  PAM 
anchors  (optimally  prepared  in  the  preformed  mode).  For  the  formation  of  C-terminal 
peptide  amides,  MBHA  resins  are  used.  The  MB  HA  concept  involves  anchoring  of  a 
C-terminal  protected  amino  acid  in  an  amide-forming  reaction;  the  linkage  produced  is 
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Fig.  2.  Structures  of  some  handles,  anchoring  linkages,  and/or  resin  supports  for  solid- 
phase  peptide  synthesis. 
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cleaved  in  acid  one  bond  over  to  provide  the  desired  amide.  PAM  and  MB  HA  anchors 
are  optimized  for  high-yield  cleavage  with  anhydrous  HF  at  0°C,  or  equivalent  strong 
acids. 

For  Fmoc/rBu  solid-phase  synthesis,  Wang’s  p-alkoxybenzyl  esters  (preferably 
as  handle  variants  PAB/PAC/HMPA  shown  in  Figure  2)  and  Rink’s  substituted 
benzhydrylamine  support  have  made  possible  the  preparation  of  peptide  acids  and 
amides,  respectively.  Cleavage  occurs  at  25°C  with  cocktails  containing 
trifluoroacetic  acid  (TFA)  plus  appropriate  carbocation  scavengers.  A  number  of 
effective  handle  reagents:  PAL  and  XAL  (our  laboratories),  SAL  (Chao  et  al.),  and 
CHA  (Nokihara),  have  been  developed  recently  for  the  preparation  of  C-terminal 
amides  with  final  TFA  cleavage.  The  SCAL  handle  (PStek  and  Lebl)  is  acidolyzed 
subsequent  to  “safety-catch”  activation  by  reduction  of  the  sulfinyl  moieties. 

Protected  peptides  with  free  C“-carboxyl  groups  suitable  for  segment 
condensation  approaches  can  be  prepared  by  a  variety  of  methods.  Peptides  assembled 
by  Fmoc  chemistry  with  HAL  anchoring  are  cleaved  in  dilute  TFA.  The  SASRIN 
and  Riniker  handles  are  structurally  similar  and  cleaved  in  the  same  way,  and  acid- 
labile  trityl-based  handles  and  resins  have  been  described  recently  through  the 
independent  efforts  of  Barlos,  Rapp,  and  Tesser.  Alternatively,  peptides  can  be 
assembled  by  either  Boc  or  Fmoc  chemistry  on  orthogonally  cleavable  allyl 
(HYCRAM-resin  of  Kunz  and  Birr;  handle  by  Loffet)  or  on/io-nitrobenzyl  supports; 
Wang’s  a-methylphenncyl  esters  are  compatible  with  Boc  chemistry.  Cleavages 
mediated  respectively  by  palladium  (0)  and  photolysis  require  attention  to  subtle 
details,  and  sometimes  do  not  scale  up  well. 

A  further  area  of  considerable  current  interest  is  the  development  of  handles  for 
mild  release,  preferably  in  aqueous  milieus.  The  first  success  in  this  regard,  due  to 
Geysen  and  co-workers,  takes  advantage  of  diketopiperazine  formation.  Osborn  -nd 
Robinson  recently  published  a  novel  linker  which  cleaves  under  neutral  conditions  by 
an  intramolecular  aminolysis  triggered  after  reduction  of  an  azide  moiety.  Elegant 
new  approaches  presented  at  this  Symposium  include  a  glycolamidic  ester  that  is 
subject  to  imidazole-catalyzed  cleavage  (Hoffmann  and  Frank),  and  a  double-headed 
iminoacetic  acid  derivative  that  is  cleaved  through  both  diketopiperazine  formation 
and  basic  hydrolysis  (Krchnak  et  al.). 

The  signature  of  any  solid-phase  synthetic  endeavor  is  the  choice  of  support. 
Many  of  the  handles  described  herein  (Figure  2)  can  be  attached  to  a  range  of 
functionalized  supports.  For  many  years,  most  work  was  carried  out  on  1% 
cross-linked  polystyrene  resins,  or  on  polyacrylamides  (these  latter  could  be  embedded 
within  an  inorganic  matrix,  e.g.,  kieselguhr,  or  a  rigid  polystyrene,  e.g.  Polyhipe). 
Within  the  past  few  years,  several  additional  materials  with  interesting  physico¬ 
chemical  properties  have  become  available  from  several  academic  laboratories  and 
commercial  sources.  These  include  membranes,  cotton  and  other  appropriate 
carbohydrates,  controlled-pore  silica  glass,  and  linear  polystyrene  grafted  onto  Kel-F. 
A  particularly  interesting  concept  involves  the  use  of  polyethylene 
glycol-polystyrene  supports  (PEG-PS  or  Tentagel),  which  are  compatible  with  both 
batchwise  and  continuous-flow  reactors,  and  may  facilitate  difficult  chemistries  in 
peptide  synthesis.  Relatedly,  Meldal  has  recently  described  a  novel  resin  that  is  a 
copolymer  of  polyethylene  glycol  with  acrylamides,  and  hence  suitable  for 
continuous-flow  synthesis  and  other  applications. 
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Introduction 

The  expression  “Total  Synthesis”  has  been  reserved  for  the  description  of  the 
synthesis  of  native  molecules  in  general  and  peptides  in  particular.  Implicit  was  the 
fact  that  the  synthetic  replica  should  not  only  have  all  the  physico-chemical 
properties  of  the  native  peptide  but  also  all  of  its  recognized  biological  activities.  It 
was  therefore  expected  that  such  synthetic  peptides  be  (i)  particularly  well 
characterized,  (ii)  available  in  quantities  that  were  considerably  greater  than  those 
obtained  by  extraction  and  (iii)  highly  purified. 

Most  peptides  are  synthesized  by  one  of  four  strategies:  solution  phase,  solid 
phase,  enzymatic  or  in  vitro  expression.  Our  laboratory  has  concentrated  its  efforts 
or.  the  solid  phase  approach  of  Merrifield  and  on  the  development  and  enhancement  of 
both  new  and  well-established  analytical  and  separation  techniques  which  we  will 
summarize  briefly. 

Results  and  Discussion 

Synthesis.  Successful  SPPS  has  been  carried  out  at  room  temperature  [1]. 
Yet,  if  all  steps  of  ihe  synthesis  could  be  carried  out  at  elevated  temperatures,  reaction 
times  could  be  shortened  dramatically  and  it  was  hypothesized  that  poor  couplings 
resulting  from  structural  organization  of  the  growing,  fully  protected  chain  would  be 
improved.  In  a  recent  paper  [2],  we  describe  detailed  protocols  (Boc  and  Fmoc)  that 
are  compatible  with  high  temperature  with  few  deleterious  consequences.  Cycle  time 
of  3  hr  was  shortened  to  0.5  hr  at  75°C.  Although  only  DIC/HOBT  was  used  as  the 
coupling  agent,  it  is  anticipated  that  most  coupling  reagents  including  amino  acid 
active  esters  would  be  compatible  with  high  temperatures. 

Purification.  Purification  of  peptides  in  quantities  greater  than  50  mg  is 
routinely  achieved  in  our  laboratory  using  RP-HPLC  in  two  different  solvent 
systems  based  on  triethylammonium  phosphate  (TEAP)  at  different  pH  values  [3,  4] 
and  TFA  [5, 6].  It  was  found  that  each  system  demonstrated  differing  selectivities  on 
peptide  mixtures  [7].  Several  hundred  analogs  of  gonadotropin  releasing  hormone 
(GnRH),  growth  hormone  releasing  hormone  (GHRH),  corticotropin  releasing  factor 
(CRF)  and  neuropeptide  Y  (NPY)  have  been  purified  in  this  manner.  Under  careful 
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examination  (using  the  analytical  methods  described  below),  most  of  these  analogs 
were  greater  than  95%  pure. 

For  longer  peptides  such  as  rat  histone  H2A  (1-53)NH2  [8],  CCK-58  analogs 
[9,  10]  and  TASP  molecules  [11],  a  strategy  using  ion-exchange  chromatography 
followed  by  RP-HPLC  was  found  to  be  extremely  useful;  however  the  degree  of 
purity  of  the  final  preparations  was  difficult  to  fully  evaluate  or  quantitate  because  of 
the  complexity  of  the  original  nf  ,ture. 

Characterization.  Techniques  used  for  the  characterization  of  synthetic  peptides 
have  improved  tremendously  (gains  in  sensitivity  and  resolution  allow  more  precise 
quantitation  of  the  different  components  of  a  mixture).  The  last  eighteen  years  has 
seen  the  chronological  development  of  RP-HPLC  systems  compatible  with 
quantitative  elution  of  the  peptides;  this  followed  by  the  coming  of  age  of  ion 
exchange  (IE)-HPLC,  capillary  zone  electrophoresis  (CZE),  coupled  with  advances  in 
both  NMR  and  mass  spectrometric  (MS)  techniques  has  permitted  a  more  complete 
characterization  of  peptides  to  become  a  reality. 

A.  RP-HPLC:  While  most  instrumentation  (pumps,  automatic  injectors, 
detection  systems)  is  now  reliable,  such  a  component  as  a  diode-array  detector  with 
on-the-fly  collection  of  full  UV-visible  spectra  (190  to  600  nm)  of  the  column 
effluent  adds  a  new  dimension  to  structure  analysis.  This  diode-array  detector  is 
extremely  useful  in  that  it  often  distinguishes  peptide  absorbencies  from  reagents  or 
contaminants,  and  native  peptides  from  derivatized  peptides.  It  also  identifies 
peptides  which  contain  Trp,  Phe  and  Tyr,  and  allows  the  detection  and  identification 
of  some  unusual  amino  acids  and/or  peptides  which  contain  them,  such  as 
phosphotyrosine  or  halogenated  tryptophans.  This  capability  saves  a  great  deal  of 
time  by  identifying  absorbencies  of  interest  and  eliminating  the  need  to  further 
investigate  HPLC  fractions  which  are  of  little  or  no  interest. 

Stationary  phases  should  be  selected  on  the  basis  of  their: 

-  ability  to  give  quantitative  recovery  of  the  injected  peptides  (influential  parameters 
include  the  nature  of  the  base  silica,  capping  and  pore  sizes,  among  others); 

-  selectivity  (C)g  versus  diphenyl  for  example); 

-  resolutive  power  (column  length  and  diameter,  particle  size  and  temperature); 

-  resistance  to  aggressive  buffers  (polymer  based  versus  silica  based  supports); 

-  ability  to  give  reproducible  results. 

Mobile  phases  should  be  selected  on  the  basis  of  their: 

-  compatibility  with  stationary  phases  to  yield  quantitative  recovery; 

-  compatibility  with  the  physical  stability  of  the  stationary  phase; 

-  high  transmittance  at  detection  wavelength  (preferably  210  nm  and  above); 

-  compatibility  with  bioassays  in  case  the  eluted  fractions  need  to  be  tested; 

-  ability  to  span  a  wide  pH  range  to  increase  selectivity,  recovery  and  resolution. 
For  example,  very  acidic  peptides  (such  as  gastrin)  cannot  be  properly  analyzed  at 
acidic  pH  on  a  C,g  column.  We  have  found  that  0.1%  TFA  and  triethylammonium 
phosphate  (TEAP)  buffers  at  pHs  2.25  to  7.5  can  be  extremely  useful  for  the 
separation  of  peptides  with  different  pi  values  [4], 

Flow  rate,  gradient  shapes  and  temperature  can  be  optimized  for  particular 
separations. 

B.  Size  Exclusion  HPLC  (SEC):  SEC  is  used  for  the  characterization  of 
synthetic  peptides.  It  allows  identification  and  quantitation  of  polymeric  materials 
(this  is  an  important  feature  when  analyzing  sulfhydryl/disulfide  containing  peptides) 
and  should  be  used  in  selected  cases  instead  of  TLC  which  is  considerably  less 
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resolutive  than  RP-HPLC  and  does  not  allow  easy  quantitation.  In  other  instances,  it 
can  be  used  to  determine  the  apparent  molecular  weights  of  peptides  and  proteins 
[12]. 

C.  Ion  exchange  chromatography  (IEC)  using  FPLC:  Analytical  IEC  allows 
confirmation  of  the  presence  and  quantitation  of  impurities  often  also  detected  by 
CZE  and  not  always  observed  by  RP-HPLC.  One  of  the  major  strengths  of  this 
technique  is  the  ease  of  scale  up  for  preparative  purification  [8-11]. 

D.  Capillary  Zone  Electrophoresis  ( CZE):  For  its  ability  to  separate  very 
closely  related  compounds,  CZE  is  unsurpassed.  This  is  an  extremely  resolutive 
technique  that  allows  some  separations  that  are  not  otherwise  seen  by  RP-HPLC 
[13].  Separations  are  based  on  charges  on  the  peptide  and  influenced  by  buffer  pH  and 
composition.  Adsorption  (ionic  or  hydrophobic)  chromatography  on  the  wall  of  the 
capillary,  will  provide  further  avenues  for  optimization. 

E.  Thin  Layer  Chromatography  (TLC):  TLC  is  carried  out  on  a  large 
number  of  supports.  The  fact  that  these  supports  are  generally  available  in  high 
performance  columns,  makes  this  technique  somewhat  obsolete.  However  TLC  will 
allow  detection  of  components  that  may  not  elute  from  HPLC  columns  (such  as 
polymeric  materials  in  the  case  of  sulfhydryl/disulfide  containing  peptides). 

F.  Amino  Acid  Analysis  (AAA),  composition,  peptide  content  and 
diastereomeric  purity:  AAA  of  hydrolyzed  samples  can  be  reliably  carried  out  using 
either  post-column  derivatization  with  ninhydrin  or  OPA  or  pre-column 
derivatization.  Both  methods  have  their  advantages  and  disadvantages  as  the  former 
uses  IEC  for  the  separation  of  the  different  AAs  and  the  latter  RP-HPLC  for  the 
separation  of  amino-protected  AAs.  AAA  will  yield,  within  10%  confidence  limits 
in  most  cases,  an  estimate  of  the  relative  abundance  of  each  amino  acid  in  a  peptide. 
With  this  information  and  the  use  of  an  internal  standard,  peptide  content  can  be 
determined.  Finally,  the  diastereomeric  purity  of  a  synthetic  peptide  can  be  checked 
by  reacting  the  peptide  hydrolyzate  with  OPA  and  a  chiral  sulfhydryl  compound  (3S- 
neomenthylthiol).  The  resulting  diastereomers  can  be  separated  by  RP-HPLC  [14]. 

G.  Identification  and  quantitation  of  counterions:  The  determination  of 
counterions  in  peptide  chemistry  is  necessary  when  peptide  content  is  to  be  obtained. 
Determination  of  acetate  and  trifluoroacetate  counterions  is  achieved  using  RP-HPLC 
[15]. 

H.  Water  content  and  CHN  analysis:  Water  analysis  is  obtained  using  the 
Karl  Fischer  method  and  CHN  analysis  determined  by  outside  analytical  laboratories. 
Peptide,  counter-ion  and  water  contents  should  ail  match  to  yield  the  observed  CHN 
composition  [15], 

I.  Sequence  analysis:  Sequence  analysis  is  particularly  important  to  check 
the  primary  structure  of  a  peptide.  The  analyses  when  carried  out  at  one  or  two 
nanomole  level  on  a  micro-sequencer  will  suggest  failure  sequences  which  are 
indicative  of  poor  peptide  assembly.  The  technique  however  is  prone  to  the  same 
drawbacks  as  those  found  during  peptide  assembly  and  careful  analysis  of  the  data  is 
necessary.  If  the  presence  of  any  impurity  is  suggested  by  sequence  analysis,  it  is 
mandatory  that  it  be  confirmed  by  a  chromatographic  technique  of  the  whole  sequence 
or  of  isolated  fragments  generated  by  partial  enzymatic  digestion. 

J.  Optical  Rotation:  Optical  rotation  of  a  particular  peptide  is  a  physical 
constant  that  may  provide  a  clue  as  to  its  optical  integrity. 

K.  Mass  spectrometry:  Liquid  Secondary  Ion  Mass  Spectrometry  (LSIMS) 
or  Laser  Desorption  Mass  Spectrometry  (LDMS)  are  indispensable  tools  for 
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peptide/protein  characterization.  These  techniques  allow  sequence  analysis  of  peptides 
up  to  M.W.  2000  Da.  The  sensitivity,  versatility  and,  in  the  case  of  LDMS, 
insensitivity  to  contaminants  makes  the  latter  extremely  valuable  for  the  screening  of 
biological  samples  while  the  accuracy  of  LSIMS  will  enable  distinction  between  a 
peptide  free  acid  from  its  corresponding  amide  [10]. 

L.  Circular  Dichroism  and  NMR:  Circular  dichroism  (CD)  and  nuclear 
magnetic  resonance  (NMR)  are  techniques  that  provide  structural  information;  NMR, 
additionally  can  be  used  to  check  purity  (>5%). 

While  this  paper  makes  reference  to  a  number  of  synthetic  and  analytical 
techniques  used  in  our  laboratory,  it  is  clear  that  many  other  protocols  for  peptide 
synthesis  have  been  successfully  used  and  that  other  purification  techniques  (such  as 
one  that  would  include  an  affinity  chromatographic  step)  are  very  powerful.  We  are 
also  fully  cognizant  of  the  fact  that  it  is  important  for  certain  investigations 
(structural  and  biological)  to  have  peptides  as  pure  as  possible,  while  libraries  of  less 
defined  peptides  can  also  make  valuable  contributions  in  screening  programs. 
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Introduction 

Biologically  active  peptides  are  often  cross-linked  by  disulfides,  and  their 
activity  depends  absolutely  on  the  correct  pairing.  Analyzing  the  pattern  can  be  extra¬ 
ordinarily  difficult  when  cystines  are  clustered,  because  enzymes  fail  to  break  the 
peptide  into  definitive  fragments:  prolonged  digestion  may  preferentially  attack  minor 
amounts  of  rearranged  peptide,  leading  to  wrong  answers.  An  alternative  approach 
using  partial  reduction  to  generate  peptides  having  a  subset  of  bonds  opened  [1]  is 
complicated  by  thiol-disulfide  exchange.  Tris-(2-carboxyethyl]-phosphine  (TCEP, 
[2]),  reduces  peptides  at  pH  3,  so  that  exchange  is  minimal.  Products  are  then 
separated  by  HPLC  at  pH  2,  again  without  significant  disulfide  exchange.  After  firee 
thiols  have  been  alkylated,  sequencer  analysis  is  used  to  identify  the  original  pairing. 
Some  exchange  may  occur  during  alkylation,  but  the  unrearranged  product  can  be 
clearly  identified.  The  method  has  worked  well  for  many  difficult  test  cases  [3],  It  is 
illustrated  for  endothelin,  a  peptide  which  is  subject  to  rapid  exchange,  but  for  which 
the  bridges  could  be  unambiguously  assigned. 

Results  and  Discussion 

Endothelin  (C.S.C.S.S.L.M.D.K.E.C.V.Y.F.C.H.L.D.I.LW.oh)  is  a  21- 
peptide  [4]  with  disulfides  linked  [1-15;  3-1 1J.  Figure  la  shows  an  HPLC  elution 
profile  of  the  products  of  partial  reduction  of  endothelin  (10  mM  TCEP  in  0.09  M 
citrate,  pH  3.0,  2  min,  20°C).  As  was  found  to  be  characteristic  of  many  peptides, 
intermediates  in  the  reduction  process  elute  between  native  (N)  and  fully  reduced  (R) 
molecules.  Atypically,  there  are  more  intermediate  peaks  than  the  expected  two,  due 
to  thiol-disulfide  exchange.  When  reduction  is  carried  out  at  pH  5,  faster  exchange 
results  in  an  almost  complete  loss  of  peak  B,  with  enhancement  of  C  and  D,  while 
peak  A  is  relatively  unaffected.  This  suggests  that  A  and  B  are  the  primary  reduction 
products,  while  C  and  D  arise  by  exchange  from  B. 

Peptides  A  and  B  also  differ  greatly  in  their  behaviour  on  alkylation.  Even  with 
relatively  mild  conditions,  A  gave  a  single  major  product  on  HPLC,  and  sequencer 
analysis  showed  clean  labelling  of  Cysl  and  Cysl5  (Figure  2a),  indicating  that  it  was 
one  of  the  expected  isomers  [1,  15;  3-11].  On  the  other  hand,  only  the  most  forcing 
conditions  were  successful  for  peptide  B.  Treatment  with  60  mM  4-vinylpyridine  at 
pH  7  gave  two  main  products,  both  of  which  were  incorrectly  labelled  (on  Cysl  and 
Cysll;  and  Cysl  and  Cysl 5)!  Best  results  have  been  obtained  for  B  and  other 
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Fig.  1.  Elution  profiles  of  endothelin  reduction  products,  and  their  carboxamido-methyl 
derivatives.  Vydac  C18,  4218TP54  column;  buffer  A,  0.1 %  TFA  in  H20;  buffer  B,  0.1% 
TFA  in  60%  CH3CN.  Panel  a.  endothelin  +  10  mM  TCEP,  pH  3,  2  min.,  20°C  (30-70% 
B/20  min.).  Panels  b  &  c,  alkylation  of  peptides  A  and  B  by  iodoacetamide  (45-60%  B/30 
min.). 


Fig.  2.  Sequencer  analysis  of  carboxamidomethylated  peptides  from  peaks  A*  and  B* 
(Fig.  lb  and  lc).  Ordinates  represent  yield  (pmol)  of  PTH-Cys(Cam)  at  each  cycle  of  the 
analysis. 

unstable  intermediates,  by  injecting  the  peptide  (in  10  mM  TFA  from  HPLC  elution) 
into  a  rapidly  stirred  solution  of  iodoacetamide  (2.2  M  in  0.5  M  tris  at  pH  8).  The 
latter,  prepared  by  heating  100  mg  of  iodoacetamide  in  200  pi  of  the  buffer,  is 
supersaturated  and  must  be  used  immediately  after  cooling.  With  endothelin  B,  this 
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procedure  resulted  in  appearance  of  a  new  peak  in  about  35%  yield  (Figure  lb). 
Sequencer  analysis  (Figure  2b)  showed  that  this  correctly  represents  the  product 
expected  for  the  second  partial  reduction  isomer  [1-15;  3, 11]. 

Partial  reduction  of  peptides  by  TCEP  has  been  applied  to  the  problem  of 
disulfide  analysis.  As  illustrated  for  endothelin,  peptides  containing  both  thiols  and 
disulfides  can  be  produced  and  purified  at  low  pH  with  minimal  exchange. 
Rearrangement  is  more  of  a  problem  during  alkylation,  but  it  can  be  recognized  and 
mitigated.  Isomers  A  and  B  are  very  different  in  this  regard,  with  B  being  among  the 
most  unstable  peptides  encountered.  The  method  has  been  verified  [3]  with  a  variety 
of  other  difficult  model  peptides  such  as  insulin,  diverse  conotoxins,  and  bacterial 
enterotoxin.  It  has  now  been  applied  to  several  new  structures,  including  that  of  a 
novel  conotoxin  having  3  disulfides  in  12  residues!  Two-bridge  analyses  are  relatively 
routine,  usually  being  carried  out  in  one  day,  while  three-bridge  analyses  present  a 
wider  range  of  challenges.  Echistatin,  with  4  disulfides  in  49  residues  is  the  largest 
peptide  analyzed  to  date  [3]:  beyond  this  size,  direct  sequencer  analysis  will  become 
increasingly  inefficient,  and  peptide  fragmentation  will  be  necessary. 
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Introduction 

Peptide  synthesis  has  become  one  of  the  most  important  methodologies  in 
bioorganic  chemistry.  The  Association  of  Biomolecular  Resource  Facilities  (ABRF) 
has  ~130  member  laboratories  that  are  engaged  in  the  synthesis  and  structural 
analysis  of  peptides.  The  ABRF  Committee  on  Peptide  Synthesis  and  Mass 
Spectrometry  was  formed  to  evaluate  the  quality  of  the  synthetic  methods  utilized  in 
its  member  laboratories  for  peptide  synthesis.  Each  year  for  the  three  year  time 
period  covering  1991-1993  the  ABRF  member  laboratories  have  synthesized  and/or 
cleaved  3  different  peptides  [1-3].  Problems  associated  with  peptide  assembly  and 
cleavage  were  evaluated  by  the  Committee  using  amino  acid  analysis  (AAA), 
reversed-phase  high-performance  liquid  chromatography  (RP-HPLC),  capillary 
electrophoresis  (CE),  Edman  degradation  sequence  analysis,  and  electrospray  (ES), 
plasma  desorption  (PD),  fast  atom  bombardment  (FAB),  and  laser  desorption  (LD) 
mass  spectrometry  (MS). 

Results  and  Discussion 

The  1991  ABRF  test  peptide  sequence  was  Val-Lys-Lys-Arg-Cys-Ser-Met-Trp- 
Ile-Ile-Pro-Thr-Asp-Asp-Glu-Ala.  The  sequence  was  designed  to  incorporate  difficult 
couplings  (Trp-Ile-Ile)  and  potential  cleavage  side-reactions  such  as  alkylation  of  Tip 
and  oxidation  of  Cys  and  Met.  A  total  of  36  crude  products  were  submitted,  1 8 
synthesized  by  Boc  chemistry  and  1 8  by  Fmoc  chemistry.  AAA  indicated  that  all 
samples  were  correct  compositionally,  i.e.,  there  were  no  deletion  or  truncation 
products.  The  average  content  of  the  desired  peptide  product  was  44%  by  RP-HPLC 
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and  53%  by  ESMS.  As  evaluated  by  ESMS,  only  10  of  the  18  Boc-synthesized 
crude  products  contained  >25%  of  the  desired  product,  while  all  18  Fmoc-synthesized 
crude  products  fell  into  the  same  category.  Examination  of  the  nature  of  the  non- 
desired  products  revealed  8  of  the  Boc-synthesized  peptides  contained  a  single 
dehydration  and/or  oxidation,  while  1 1  of  the  Fmoc-synthesized  peptides  contained 
>10%  of  a  tBu  adduct  Thus,  the  respective  cleavage  conditions  of  Boc  and  Fmoc 
solid-phase  peptide  synthesis  were  the  primary  source  of  synthetic  difficulties  for  the 
1991  test  peptide,  since  non-desired  products  were  not  deletions  or  truncations  but 
rather  the  result  of  incomplete  deprotections  and/or  other  covalent  modifications. 

The  1992  ABRF  test  peptide  sequence  was  Gly-Val-Arg-Gly-Asp-Lys-Gly-Asn- 
Pro-Gly-Trp-Pro-Gly-AJa-Pro-Tyr.  The  sequence  incorporated  numerous  potential 
synthesis  and  cleavage  side-reactions  including  dehydration  of  Asn  and  alkylation  of 
Trp.  A  total  of  58  crude  products  were  supplied  for  the  study,  16  synthesized  by  Boc 
chemistry  and  42  by  Fmoc  chemistry.  AAA  showed  51  of  58  crude  products  to  be 
compositionally  correct  (Trp  was  not  quantitated),  which  was  consistent  with  RP- 
HPLC  analysis  indicating  51  of  58  crude  products  having  >25%  of  the  apparent 
desired  peptide.  Deletion  peptides  detected  by  Edman  degradation  sequence  analysis 
were  des(Asn8),  des(Pro12),  des(Gly1,Gly7,Asn8),  and  des(Gly 1  ,Gly4,Trp*  *). 
Assessment  of  product  purity  by  ESMS,  FABMS,  and  PDMS  showed  semi- 
quantitative  agreement  with  RP-HPLC  analyses.  As  estimated  by  ESMS,  30  of  the 
58  crude  samples  (52%)  and  26  of  the  33  purified  samples  (79%)  contained  >75%  of 
the  desired  product.  This  represents  a  considerable  improvement  over  the  1991  study, 
where  the  percentage  of  crude  and  purified  products  containing  >75%  of  the  desired 
material  were  28  and  65%,  respectively.  Possible  reasons  for  these  improved  results 
were  any  combination  of  (i)  a  synthetic  peptide  sequence  less  susceptible  to  side- 
reactions  induced  during  peptide-resin  cleavage,  (ii)  the  greater  fraction  of  peptides 
synthesized  by  Fmoc  chemistry,  where  cleavage  conditions  are  less  harsh,  and  (iii) 
more  rigor  and  care  in  laboratory  techniques  following  the  1991  results. 

Further  examination  of  the  1992  samples  showed  5  of  the  crude  Fmoc 
syntheses  and  2  of  the  crude  Boc  syntheses  to  contain  poor  yields  (<25%)  of  the 
desired  product.  Five  of  the  7  poor  yield  crude  products  were  the  result  of  deletion 
peptides  (4  from  Fmoc  syntheses,  1  from  Boc  syntheses).  Of  the  4  Fmoc- 
synthesized  crude  peptides  that  contained  >10%  des(Asn),  2  were  assembled  without 
Asn  side-chain  protection.  The  only  Fmoc-synthesized  peptide  for  which  all  three 
mass  spectrometric  techniques  detected  >10%  dehydration  was  assembled  without  Asn 
side-chain  protection.  This  dehydration  was  probably  the  result  of  a  side  reaction 
(nitrile  formation)  attributable  to  the  use  of  unprotected  Asn  during  coupling.  Thus, 
of  the  7  peptides  synthesized  using  Fmoc- Asn,  3  had  >10%  of  a  side-reaction  directly 
attributable  to  Asn  incorporation.  The  other  problem  detected  in  Fmoc  syntheses 
was  the  generation  of  ethanedithiol-thioanisyl  or  anisyl-trifluoroacetyl  adducts  during 
peptide-resin  cleavage. 

Impurities  in  Boc-synthesized  peptides  were  mostly  due  to  cleavage  problems. 
Of  the  12  crude  samples  synthesized  with  Trp(For),  4  had  >10%  of  the  For  group 
still  attached.  Variable  success  was  seen  when  deprotection  of  Trp(For)  was 
attempted  during  HF  cleavage  in  the  presence  of  anisole  alone  or  anisole  plus  other 
scavengers.  Deprotection  of  Trp(For)  was  complete  by  treatment  of  the  peptide-resin 
with  ~10%  piperidine-DMF  for  2  h  prior  to  HF  cleavage. 

Cleavage  conditions  were  more  stringently  reevaluated  in  the  1993  study  using 
the  test  sequence  Lys-His-Asp-Pro-Cys-Gly-Trp-Asn-Gly-Pro-Arg-Pro-Met-Arg-Gly, 
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which  is  susceptible  to  acidolysis  of  the  Asp-Pro  bond  and  incomplete  Dnp  removal 
from  His  in  addition  to  the  cleavage  side-reactions  documented  in  the  1991  and  1992 
studies.  The  peptide  was  synthesized  by  the  Committee  in  both  Boc  and  Fmoc 
versions,  with  participating  laboratories  cleaving  the  peptide-resin  and  returning  the 
crude  product.  A  total  of  46  crude  products  were  submitted.  RP-HPLC  showed  1  out 
of  the  12  Boc-based  syntheses  and  26  out  of  the  34  Fmoc-based  syntheses  to  contain 
>25%  of  the  desired  product.  These  results  suggest  that  peptide-resin  cleavages 
following  Boc-based  syntheses  may  require  greater  attention  to  detail  due  to 
deleterious  side-reactions. 

The  wide  range  of  peptide  quality  allowed  us  to  evaluate  critically  the  strengths 
and  weaknesses  of  the  analytical  techniques  used  hoe.  RP-HPLC  appeared  to  provide 
an  accurate  estimate  of  the  complexity  of  the  peptide  samples  and,  in  situations  in 
which  a  sample  of  the  desired  product  was  available,  an  accurate  estimate  of  the 
content  of  the  desired  product.  The  only  exception  was  the  failure  to  detect  an  Asn 
deletion  peptide  in  the  1992  study  which  co-eluted  with  the  desired  product.  Since  a 
sample  of  the  desired  product  is  not  usually  available,  additional  analyses  are  required. 
AAA  was  the  best  technique  for  absolute  amino  acid  quantitation,  but  was  not 
helpful  for  detecting  modifications  of  amino  acid  residues.  Preview  sequence  analysis 
had  the  same  strengths  and  weaknesses  as  AAA  and  the  advantage  of  determining 
residue  position.  The  mass  spectrometric  techniques  examined  here  (ESMS, 
FABMS,  PDMS,  and  LDMS)  allowed  for  identification  of  peptide  modifications, 
including  residual  protecting  groups.  Our  experience  in  these  studies  suggests  that 
peptide  synthesis  is  susceptible  to  a  variety  of  side-reactions,  and  that  efficient 
characterization  of  synthetic  peptides  is  best  obtained  by  a  combination  of  AAA,  RP- 
HPLC,  and  MS,  with  sequencing  by  either  Edman  degradation  or  tandem  MS  being 
used  to  identify  the  positions  of  modifications  and  deletions. 
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Introduction 

A  great  deal  of  structural  information  is  available  from  the  NMR  spectra  of 
macromolecules  [1].  When  the  molecules  are  folded  into  unique  or  closely  related 
families  of  three-dimensional  structures,  then  the  NMR  information  can  be  used  in 
distance  geometry-type  calculations  to  give  three-dimensional  structures  comparable 
to  those  obtainable  by  X-ray  crystallography  [2].  Certain  peptide  systems  are 
sufficiently  constrained  to  permit  this  type  of  analysis.  These  include  folded 
proteins,  cyclic  peptides,  metal  substituted  peptides  such  as  zinc  fingers  and  peptides 
stabilized  by  the  presence  of  disulfide  bonding.  Linear,  unconstrained  peptides  rarely 
lend  themselves  to  the  calculation  of  structures  in  the  same  way,  since  they 
invariably  have  multiple  conformations  in  solution,  giving  rise  to  conflicting 
constraints  which,  if  not  treated  appropriately,  would  lead  to  incorrect  structures. 
Structure  calculation  per  se  is  in  many  cases  unnecessary  for  linear  peptides,  since  an 
adequate  description  of  the  conformational  preferences  of  the  peptide  can  be  obtained 
readily  from  the  NMR  spectrum  in  conjunction  with  other  spectroscopic  methods  [3, 
4]. 

Results  and  Discussion 

We  have  studied  a  number  of  linear  peptide  systems  in  aqueous  solution  by 
NMR  and  CD  spectroscopy  (reviewed  in  [3,  4]).  Most  peptides  are  not  folded  in 
solution,  but  rather  show  evidence,  in  the  form  of  d^iij+l)  NOE  connectivities,  of 
extended  conformations  in  solution.  Even  when  there  is  evidence,  for  example,  for 
helical  conformations,  the  evidence  for  unfolded  conformations  is  usually  present 
simultaneously  in  the  NOESY  spectrum.  If  both  sets  of  NOEs  are  included  in 
structure  calculations,  together  with  dihedral  angle  constraints  from  coupling 
constants  that  are  a  population-weighted  average  of  the  components  from  different 
conformers,  the  result  will  be  either  structures  in  which  one  or  both  sets  of 
constraints  are  violated,  or,  alternatively,  in  which  high-energy  regions  of  the 
Ramachandran  plot  are  occupied.  Since  this  is  unlikely  for  an  unconstrained  peptide, 
the  structures  calculated  by  simple  use  of  the  averaged  constraints  are  meaningless! 

Nevertheless,  there  are  some  occasions  when  the  calculation  of  structures  for 
linear  peptides  may  be  instructive.  In  order  for  such  a  calculation  to  be  at  all 
meaningful,  the  conformational  preference  for  the  folded  conformation  or  a  closely 
related  group  of  conformations  must  be  exceptionally  high  (probably  >70%).  Even 
when  such  a  high  population  is  present,  the  calculation  of  structures  may  be 
unnecessary,  for  example,  if  the  peptide  apparently  forms  a  helix  in  solution,  since 
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the  structure  of  the  helix  is  well-known  and  it  is  unlikely  that  local  conformational 
details  can  be  determined  from  the  NMR  data.  The  calculation  of  structures  can, 
however,  be  of  great  utility  when  specific  questions  are  posed  by  the  NMR  data. 

An  example  of  such  a  system  is  the  Type  VI  turn  conformation  of  6-amino  acid 
peptides  of  the  sequence  SArPArDV,  where  Ar  is  an  aromatic  residue.  The  turn 
conformation  in  the  cis  form  of  the  peptide  SYPYDV  was  first  described  in  1988  [5], 
and  it  was  calculated  on  the  basis  of  the  increase  in  the  percentage  of  the  cis  form  that 
the  minimum  population  of  the  turn  conformation  was  -70%.  In  addition,  the  VHNa 
coupling  constant  at  residue  Y2  was  3.3Hz,  indicative  of  a  high  turn  population. 
Measurements  using  ,5N-labeled  peptide  of  the  coupling  constants  of  the  Y  and 
F  residues  at  positions  2  and  4  of  the  peptide  SYPFDV  revealed  that  the  side  chain 
rotameric  forms  were  virtually  fixed.  The  resonances  of  the  cw-proline  were  highly 
upfield-shifted,  and  showed  prominent  NOEs  to  the  aromatic  rings,  an  indication  that 
the  aromatic  rings  were  in  close  and  highly  specific  contact  with  the  proline  ring. 
We  therefore  felt  that  the  circumstances  in  this  case  justified  the  calculation  of 
structures. 

Distance  geometry  structures  were  calculated  using  backbone-backbone  NOEs 
that  were  specific  to  the  folded  structure.  All  of  the  NOEs  involving  the  sidechains 
of  the  proline  and  aromatic  residues  were  included,  together  with  the  dihedral  angle 
constraints  obtained  from  the  highly  specific  coupling  constants  mentioned  above. 
Initial  structures  obtained  showed  the  presence  of  die  turn  conformation  as  expected, 
but  the  dihedral  angles  were  very  variable,  and  many  were  present  in  high-energy 
regions  of  the  Ramachandran  plot.  In  addition,  the  well-constrained  regions  (Y2-F4, 
with  the  majority  of  the  distance  and  dihedral  angle  constraints)  showed  as  large  or 
larger  variation  in  the  dihedral  angles  observed  in  the  structures  as  the  ends  of  the 
peptide,  where  there  were  no  constraints.  This  was  due  to  over-constraint,  because 
when  the  distance  constraints  were  loosened,  the  structures  improved  greatly,  the 
dihedral  angles  were  now  present  in  the  low-energy  a  and  regions  of  the 
Ramachandran  plot,  and  the  standard  deviations  of  the  dihedral  angles  were  now  much 
more  consistent  with  the  input  data,  being  high  at  the  ends  and  lower  in  the  middle  of 
the  peptide.  A  sample  of  20  of  the  calculated  structures  (Figure  1)  shows  that 
residues  2-4  have  a  rather  similar  conformation  both  of  backbone  and  side  chain  in  all 
structures,  but  the  ends  of  the  peptide  are  highly  variable. 

For  the  majority  of  linear  unconstrained  peptides,  the  calculation  of  structures 
from  NMR  data  is  probably  unnecessary  and  may  give  rise  to  erroneous  structures 
due  to  conflicting  constraints  associated  with  conformational  averaging.  However, 
when  used  with  care  in  systems  when  the  population  of  folded  forms  is  sufficiently 
high  and  where  specific  questions  can  be  answered,  the  calculation  of  structures  can 
provide  valuable  information. 

Acknowledgements 

We  thank  Dr.  Rafael  Briischweiler  for  help  with  the  heteronuclear  experiments. 
This  work  was  supported  by  grant  GM38794  from  the  National  Institutes  of  Health. 


1094 


H.J.  Dyson  et  at. 


Workshop  11 


TYR2  PR03  PHE4 


Fig.  1.  Superposition  of  20  structures  of  the  peptide  SYPFDV,  derived  from  a  distance 
geometry  calculation  using  distance  and  dihedral  angle  constraints  from  NMR 
experiments. 
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Introduction 

Two  problems  with  the  study  of  conformation  of  peptides  by  NMR  will  be 
discussed  here.  The  first,  the  possibility  of  large,  significant  conformational  changes 
fast  on  the  NMR  timescale,  is  addressed  by  application  of  both  NOE  and  coupling 
constant  restraints  during  the  refinement  protocol  [1].  The  second,  the  small  number 
of  NOEs  (relative  to  the  number  available  in  the  study  of  proteins),  has  been 
approached  by  a  modified  refinement  procedure  to  be  used  after  distance  geometry 
(DG)  calculations. 

Results  and  Discussion 

We  have  previously  shown  that  the  direct  application  of  coupling  constant  as  a 
penalty  function  produces  a  great  reduction  in  the  available  conformational  space  [1, 
2].  The  penalty  term,  is  shown  below. 


Ej  =  1/2  K j  ( 3 J  - 3 Jgxp  )2 

where  Ej  is  the  energy,  3Jexp  is  the  experimental  coupling,  3J  is  the  coupling 
calculated  from  the  Karplus  curve  and  Kj  is  the  force  constant  which  can  be  adjusted 
according  to  the  associated  error  in  the  A,  B,  and  C  coefficients  of  the  Karplus  curve 
and  the  experimental  coupling.  The  function,  first  proposed  by  Kim  and  Prestegard 
[3],  is  particularly  useful  with  multiple  coupling  constants  about  a  single  dihedral 
angle  [.,2],  To  gain  information  about  the  vy  dihedral  angle,  similar  procedures  have 
been  carried  out  for  the  C“-H“  one-bond  coupling  [4], 

The  application  of  both  NOE  and  J-restraints  during  the  simulation  allow  for 
the  identification  of  conformational  averaging.  This  is  based  on  the  fact  that  the 
restraints  average  differently:  the  distances  derived  from  the  NOEs  average  as  a 
function  of  <R  3>,  while  the  coupling  constants  average  with  the  Karplus  curve  and 
the  dihedral  angle  subtended  by  the  coupled  atoms.  In  the  presence  of  conformational 
averaging,  both  of  these  restraints  cannot  be  fulfilled  by  the  same  conformation.  Of 
course,  this  requires  that  during  the  calculation  the  restraints  are  driven  to  zero, 
something  often  ignored  in  structure  refinement.  If  averaging  is  thought  to  take 
place,  each  of  the  restraints  can  be  applied  separately  producing  two  different  averaged 
conformations. 
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DG  calculations  are  extremely  well  suited  for  developing  structure  from  NMR 
data.  In  the  study  of  peptides,  DG  is  not  often  used  because  of  the  small  number  of 
NOEs.  It  is  therefore  important  to  incorporate  as  many  other  experimental  restraints 
as  possible.  Here  a  modified  refinement  protocol  including  coupling  constants  and  a 
hydrogen  bond  attraction  term  is  proposed  to  partially  compensate  for  the  limited 
number  of  NOEs.  The  starting  point  is  the  distance  driven  dynamics  method 
developed  by  Scheek  [5].  To  this  are  added  the  coupling  constant  penalty  function,  as 
discussed  above,  and  a  hydrogen  bond  function: 


EHB  KHB  £  £  Cmnrmn 

m=l  n=l 


where  KHb  is  a  penalty  constant  and  Ry  is  the  distance  between  the  hydrogen  bond 
acceptor  and  donor.  The  sum  is  run  over  all  of  the  possible  acceptors  but  only  over 
the  amide  protons  (donors)  which  have  been  experimentally  determined  (i.e., 
temperature  coefficient,  deuterium  exchange)  to  be  involved  in  a  hydrogen  bond. 
With  this  method  no  assumptions  of  the  acceptor,  which  cannot  be  measured 
experimentally,  is  required.  This  is  especially  important  with  peptides  since  the  use 
of  a  restraint  between  an  amide  proton  and  carbonyl  (often  used  and  misused  [6]  in 
protein  refinement)  will  dominate  the  conformation  of  a  peptide. 
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The  function  used  here  was  chosen  since  it  is  short  ranged;  the  attraction  begins 
at  ~4.2  A.  The  function  is  turned  off  at  2.8  A  at  which  the  energy  and  forces  remain 
constant.  The  NOGs  and  coupling  constants  will  bring  the  two  atoms  close  together, 
and  this  function  will  help  maintain  the  hydrogen  bond  during  the  refinement.  The 
energy  from  the  hydrogen  bond  term  is  kept  small  by  adjustment  of  Khb<  accounting 
for  only  about  10%  of  the  total  energy  of  the  system.  But  this  small  contribution  is 
significant  to  maintain  the  hydrogen  bonds  and  help  produce  the  correct  hydrogen 
bond  geometry. 

References 

1.  Mierke,  D.F.  and  Kessler,  H.,  Biopolymers,  32  (1992)1277. 

2.  Eberstadt,  M.,  Mierke,  D.F.,  Kock,  M.  and  Kessler,  H.,  Helv.  Chim.  Acta,  75  (1992) 
2583. 

3.  Kim,  Y.  and  Prestegard,  J.H.,  Proteins:  Structure,  Function  and  Genetics,  8  (1990) 
377. 

4.  Mierke,  D.F.,  Golic-Grdadolnik,  S.  and  Kessler,  H.,  J.  Am.  Chem.  Soc.,  114  (1992) 
8283. 

5.  Kaptein,  R.,  Boelens,  R.,  Scheek,  R.M.  and  van  Gunsteren,  W.F.,  Biochemistry,  27 
(1988)  5389. 

6.  Havel,  T.F.,  In  Rengugopalakrishnan,  V„  Carey,  P.R.,  Smith,  I.C.P.,  Huang,  S.-G., 
and  Storer,  A.C.  (Eds.),  Proteins:  Structure,  Dynamics  and  Design,  Escom,  Leiden, 
The  Netherlands,  1991,  p.110. 


Peptide  structures  when  bound  to  proteins  using 
the  transferred  NOE 


B.D.  Sykes 

MRC  Group  in  Protein  Structure  and  Function,  Protein  Engineering 
Network  of  Centres  of  Excellence  and  Department  of  Biochemistry, 
University  of  Alberta,  Edmonton,  Alberta,  T6G  2H7,  Canada 

Introduction 

Central  to  the  understanding  of  the  interaction  of  peptides  with  proteins  (or 
other  targets)  is  the  determination  of  the  detailed  molecular  structure  of  the  peptide- 
protein  or  peptide-target  complex.  For  many  of  the  goals  of  protein  engineering, 
however,  it  is  not  necessary  to  know  the  complete  structure  of  the  peptide-target 
complex,  but  only  the  structure  of  the  bound  peptide.  The  structure  of  bound  peptides 
can,  in  favorable  cases,  be  determined  by  NMR  transferred  NOE  spectroscopy  even, 
and  especially,  when  the  size  of  the  complex  is  too  large  to  be  determined  by  NMR 
methods.  The  method  relies  on  the  chemical  exchange  of  nuclei  on  the  peptide 
between  free  and  bound  states,  and  the  resulting  transfer  of  information  about  the 
structure  of  the  bound  peptide  to  the  NMR  spectrum  of  the  free  peptide  which  is 
much  easier  to  observe  both  because  the  peptide  is  smaller  (resulting  in  narrower 
NMR  linewidths)  and  generally  present  at  greater  concentration.  Consider  the  system: 
peptide  +  protein  <=>  peptide.protein  complex,  shown  below,  where  the  goal  is  to 
determine  the  intemuclear  distances  between  proton  pairs  such  as  Ha  -  Hb  for  the 
bound  peptide 


Executing  a  transferred  NOE  experiment  is  not  more  difficult  than  a  standard 
NOESY  experiment;  the  difficulty  is  in  setting  up  the  proper  conditions  under  which 
the  experiment  is  useful  and  understanding  how  to  interpret  the  results. 

Results  and  Discussion 

The  transferred  NOE  experiment  is  possible  only  under  conditions  of  fast 
exchange  which  depends  both  upon  the  exchange  rate  and  the  NMR  cross-relaxation 
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rate  between  the  two  protons,  which  in  turn  depends  upon  the  distance  between  the 
two  protons  and  the  size  of  the  peptide:protein  complex  (Figure  1). 
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Fig.  1.  Range  of  applicability  of  the  tr-NOE  experiment  (fry  -  2.5  A  and  500  MHz). 
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Fig.  2.  Absolute  value  of  lH-lH  cross-relaxation  rate  vs.  size  of  complex. 
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While  the  tr-NOE  is  an  average  of  the  NOE  for  the  free  and  bound  peptide,  it  is 
particularly  sensitive  to  the  bound  peptide  because  the  NOE  for  the  free  peptide  is 
very  small  (Figure  2).  Determining  accurate  distances  from  the  tr-NOE's  is 
dependent  on  the  mixing  time  of  the  tr-NOESY,  the  fraction  of  peptide  bound,  and 
the  size  of  the  complex  [1],  Figure  3  shows  that  the  build-up  of  the  tr-NOE  (which 
is  proportional  to  r6)  can  be  very  non-linear  for  large  MW’s  and  long  mixing  times. 


M.W.  25000  mix=0.050s  M.W.  180000  mix=0.200s 


1.76  A 


2.46  A  - 0~ 


2.6S  A 


•A -  4.16  A 


Fig.  3.  Transferred  NOE  intensity  vs  fraction  bound  peptide  for  different  mixing  times, 
sizes  of  peptide.-protein  complexes,  and  intemuclear  distances. 

The  results  in  Figure  3  indicate  that  one  should  use  very  small  amounts  of  the 
complex.  However,  in  the  limit  of  0%  bound,  there  can  be  no  information  about  the 
bound  peptide.  Figure  4  shows  how  the  tr-NOE  reflects  the  bound  distance  (2.8  A)  as 
a  function  of  %  bound  for  various  sizes  of  the  free  peptide  (12  amino  acid  residues  -> 
a  correlation  time  of  -  0.4  ns). 

In  summary,  care  must  be  used  in  setting  up  and  interpreting  the  results  of  tr- 
NOESY  experiments,  not  only  in  the  manner  indicated  herein  but  also  with  respect 
to  the  stoichiometry  and  conditions  of  the  complex  formation. 
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taucF=0.20ns 


taucF=0.40ns 


—O -  taucF=0.80m 


Fig.  4.  Calculated  bound  distance  (actual  is  2.8  A)  vs  %  bound  for  various  sizes  of  the  free 
peptide. 
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Introduction 

Much  of  the  study  of  peptides  is  devoted  to  elucidating  their  conformations, 
their  dynamics  and  response  to  changes  in  environment,  and  especially  their 
conformation  when  bound  to  receptors  as  a  prelude  to  peptidomimetic  design.  While 
interaction  with  a  receptor  will  certainly  perturb  the  conformational  energy  surface  of 
a  flexible  ligand,  high  affinity  would  suggest  that  the  ligand  binds  in  a  conformation 
which  is  not  exceptionally  different  from  one  of  its  low-energy  minima.  Mapping  the 
energy  surface  of  the  ligand  in  isolation  to  determine  the  low-energy  minima  will,  at 
the  very  least,  provide  a  set  of  candidate  conformations  for  consideration,  or  as 
starting  points  for  further  analyses.  Molecular  modeling  has  assumed  an  increasingly 
important  role  in  this  process,  both  as  a  tool  in  its  own  right  and  for  the  analysis  of 
experimental  observations. 

I.  Molecular  Mechanics  -  The  Basics  [1] 

Molecular  mechanics  is  based  on  an  empirical  representation  of  the  potential 
energy  surface  and  allows,  in  theory,  the  determination  of  the  conformational 
ensemble  which  a  peptide  will  exhibit  under  a  given  set  of  experimental  conditions. 
Atoms  are  represented  as  balls  connected  to  other  atoms  by  springs  with  associated 
force  constants.  The  derivation  of  the  necessary  parameters  are  based  on  both 
theoretical  quantum  calculations  and  calibration  against  experimental  data.  The 
interactions  between  atoms  are  represented  by  a  set  of  equations,  the  force  Held 
(MM3,  AMBER/OPLS,  CHARMM,  ECEPP,  etc.),  which  attempts  to  analytically 
represent  the  potential  surface  of  the  set  of  atoms  under  consideration.  Inherent  in  the 
force  field  representation  are  the  vibrational  spectra,  relative  energetics  of 
conformational  minima  and  rates  of  conformational  transitions.  Many  other  chemical 
properties  of  the  system  can  be  extracted  from  knowledge  of  the  force  field.  Any 
energetic  criterion  for  filtering  candidate  conformations  or  calculating  relative 
populations  carries  with  it  the  inherent  limitations  of  the  force  field  employed.  The 
most  difficult  aspect  of  molecular  mechanics  is  electrostatics  which  is  intimately 
entangled  with  solvation.  Various  continuum  models  and  detailed  approaches  with 
multipole  representations  of  the  electron  distribution  have  been  proposed  and  are 
being  evaluated.  Other  difficulties  arise  in  dealing  with  macromolecular  systems 
because  electrostatic  interactions  occur  over  long  distances  (1/r  dependence)  and 
cannot  be  arbitrarily  truncated  to  simplify  the  calculations. 
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A.  Simulation  methods  [2] 

The  set  of  configurations  generated  by  simulation  methods  is  a  relevant 
statistical  sample  of  the  possible  arrangements  of  interacting  molecules,  yielding  the 
macroscopic  thermodynamic  properties  by  statistical  analysis  of  the  results.  In  this 
case,  the  partition  function  is  derived  not  by  theoretical  analysis  of  the  quantum 
states  available  to  the  molecule,  but  through  simulation.  While  it  is  important  to 
minimize  the  number  of  molecules  in  the  simulation  for  computational  convenience, 
surface  effects  at  the  interface  between  the  simulated  solvent  and  the  surrounding 
vacuum  could  seriously  distort  the  results.  In  order  to  approximate  an  "infinite" 
liquid,  a  box  of  molecules  is  surrounded  by  mirror  reflections,  i.e.,  periodic  images. 
Each  atom  in  the  central  box  has  a  set  of  related  molecules  in  the  virtual  boxes 
surrounding  the  central  one.  The  energy  calculations  for  pairwise  interactions  only 
consider  the  interaction  of  a  molecule,  or  its  "ghost",  with  any  other  molecule,  but 
not  both. 

Molecular  dynamics  (MD)  is  a  deterministic  process  which  solves 
Newton's  equations  of  motion  for  each  atom  and  increments  the  position  and  velocity 
of  each  atom  using  a  small  time  increment.  In  this  paradigm,  atoms  are  essentially  a 
collection  of  billiard  balls  with  classical  mechanics  determining  their  positions  and 
velocities  at  any  moment  in  time.  As  the  position  of  one  atom  changes  with  respect 
to  the  others,  the  forces  which  it  experiences  also  change.  The  forces  on  any 
particular  atom  can  be  calculated  using  the  appropriate  force  field.  In  MD,  we  choose 
a  time  step  smaller  than  the  period  of  fastest  local  motion  to  ensure  that  atoms  move 
in  sufficiently  small  increments  that  the  position  of  surrounding  atoms  does  not 
change  significantly  per  incremental  move.  The  time  increment  is  on  the  order  of 
1 0-1 5  seconds  which  reflects  the  need  to  represent  adequately  atomic  vibrations  of 
similar  time  scale.  For  simulations  of  molecules  in  solvent,  sufficient  solvent 
molecules  must  be  included  to  represent  adequately  all  classes  of  solvent-solute 
interactions.  This  requires  several  hundred  solvent  molecules  for  even  small  solutes, 
and  as  a  result  simulations  of  more  than  several  nanoseconds  are  rare.  Because  of  the 
short  time  steps  of  molecular  dynamics,  events  requiring  longer  times  such  as 
diffusion  are  difficult  to  simulate  at  the  molecular  level  in  detail.  In  this  case. 
Brownian  dynamics  are  used,  and  the  particles  (consisting  of  many  atoms)  move 
under  the  Lange vin  equations  which  govern  diffusion  rather  than  Newton's  equations. 
Electrostatic  forces  are  derived  from  the  relative  positions  of  the  charged  particles  in 
the  simulation  by  solution  of  the  Poisson-Boltzmann  equation  which  describes 
dielectric  behaviour  in  a  non-homogeneous  system. 

The  Monte  Carlo  method  is  based  on  statistical  mechanics  and  generates 
sufficient  different  configurations  of  a  system  by  computer  simulation  to  allow  the 
desired  structural,  statistical  and  thermodynamic  properties  to  be  calculated  as  a 
weighted  average  of  these  properties  over  these  configurations.  Monte  Carlo 
simulations  are  successfully  performed  by  sampling  only  a  limited  set  of  the 
energetically  feasible  conformations,  say  106  out  of  10100  theoretical  possibilities. 
One  could  sample  all  states,  calculate  the  energy  of  each  and  then  Boltzmann  weight 
its  contribution  to  the  average.  Instead,  Monte  Carlo  operates  by  importance 
sampling  and  looking  only  at  energetically  feasible  answers  among  all  possibilities. 

The  term,  Monte  Carlo,  comes  from  the  random  selection  of  the  parameter  (for 
example,  coordinate  or  torsion  angle)  which  determines  the  next  configuration.  The 
energy  of  the  new  state  is  compared  with  the  old  state.  If  it  is  the  same,  or  lower. 
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the  new  configuration  is  kept  and  becomes  the  basis  for  calculation  of  the  next 
configuration.  At  this  point,  we  can  see  that  the  procedure  functions  as  a  crude 
minimizer.  If  the  successive  configuration  has  a  higher  energy  than  the  previous 
configuration,  then  it  is  either  kept  or  discarded  depending  on  the  energetic  difference 
(AE)  and  a  random  number,  x,  chosen  between  0  and  1 .  If  exp(-AE/kT)  ^  x,  then  the 
new  configuration  is  accepted.  In  other  words,  there  is  a  unitary  probability  of 
accepting  a  move  which  results  in  an  energy  decrease,  and  an  exponential  probability 
based  on  the  Boltzmann  factor  of  accepting  a  move  with  a  higher  energy.  This 
procedure  generates  trajectories  which  sample  configurations  in  accord  with  the 
canonical  Boltzmann  distribution,  and  average  properties  can  be  calculated  by  simply 
averaging  the  properties  associated  with  each  configuration. 

One  aspect  shared  by  Monte  Carlo  methods  and  molecular  dynamics  is  the 
ability  to  cross  barriers.  In  the  case  of  Monte  Carlo,  barrier  crossing  occurs  by 
random  change  and  acceptance  of  higher  energy  states  as  a  function  of  temperature. 
Because  it  is  difficult  to  simulate  systems  with  explicit  solvent  for  long  enough  to 
allow  conformational  transitions,  there  is  always  a  concern  that  sampling  of  the 
potential  surface  was  insufficient.  One  approach  to  this  problem  is  to  do  multiple 
runs  from  different  starting  configurations  of  the  system.  One  can  examine 
convergence  of  the  ensemble  averaged  properties  of  each  run  to  determine  if  adequate 
sampling  has  occurred.  Obviously,  the  ability  of  the  system  to  make  transitions  over 
activation  energy  barriers  depends  on  the  temperature.  In  order  to  increase  the 
efficiency  of  sampling  of  conformational  space,  one  can  elevate  the  temperature  for  a 
short  period,  and  then  resume  the  simulation  at  the  desired  temperature,  allowing 
time  for  reequilibration.  This  technique,  called  simulated  annealing,  is  useful  for 
overcoming  activation  energy  barriers  between  local  minima. 

Non-Boltzmann  sampling  is  an  approach  to  sampling  high-energy  states 
that  are  infrequently  reached  in  simulations.  Often  we  are  interested  in  sampling  only 
those  conformations  relevant  to  a  particular  chemical  question.  For  example,  what  are 
the  energetics  associated  with  a  conformational  transition  from  conformer  A  to 
conformer  B.  By  definition,  transition  states  are  higher  energy  and  would  not  be 
frequently  sampled  in  an  unconstrained  simulation.  Often  a  series  of  individual 
simulations  will  be  conducted  with  constraints  to  focus  on  discrete  regions  of  the 
reaction  coordinate  of  interest.  This  procedure,  umbrella  sampling,  can  then  be 
correctly  reassembled  by  removal  of  the  effects  of  the  different  constraining  potentials 
for  each  individual  simulation  to  generate  a  potential  of  mean  force  (pmf)  for  the 
reaction  coordinate.  Occasionally,  there  are  sufficient  crystal  structure  data  that 
examination  of  the  variation  in  the  data  will  indicate  the  transition  path  (reaction 
coordinate)  between  two  states  of  interest.  A  more  general  approach  is  based  on  the 
force  field  of  the  system  itself  and  attempts  to  map  a  low  energy  pathway,  a 
minimum  potential  energy  pathway  (MPEP),  between  the  two  states  by  a  variety  of 
mathematical  techniques.  The  resultant  MPEP  on  the  potential  energy  surface  is  only 
one  of  many  possible  and  since  the  role  of  entropic  stabilization  has  not  been  taken 
into  account,  this  is  not  necessarily  the  path  with  the  lowest  free  energy  of 
activation.  It  is,  however,  a  logical  starting  point  for  simulations  to  determine  an 
upper  bound  (as  there  may  be  another  path  of  lower  free  energy)  on  the  free  energy 
associated  with  the  transformation  represented  by  the  reaction  coordinate. 

Thermodynamic  cycle  perturbation  [3,  4]  is  an  approach  that  allows 
calculation  of  the  energy  difference  between  two  states.  In  this  method,  one  takes 
advantage  of  the  state-function  nature  of  a  thermodynamic  cycle  and  eliminates  the 


1107 


G.R.  Marshall  et  al. 


Workshop  III 


parts  of  the  simulation  with  long  time  constants,  for  example,  diffusion.  As  an 
example,  if  one  were  interested  in  the  difference  in  affinity  of  two  ligands  (L  and  M) 
for  the  same  receptor  (R)  or  enzyme,  then  the  following  thermodynamic  cycle 
applies: 

AA1  . 

R  +  L  - ►  RL 


Because  the  thermodynamic  values  of  the  two  states  do  not  depend  upon  the  path 
between  the  states,  one  can  write  the  following  equation: 


AAA  =  difference  in  affinity  of  L  and  M  for  R 
=  AA2-AA1  =  AA4-AA3 


By  simulating  the  mutational  paths  A3  and  A4,  one  can  avoid  the  long 
simulation  required  for  diffusion  of  the  ligands  into  the  receptor.  One  simply  changes 
the  potential  functions  representing  ligand  L  to  those  representing  ligand  M  during 
the  course  of  the  simulation  making  sure  that  the  perturbations  are  introduced 
gradually  and  that  the  surrounding  atoms  have  time  to  relax  from  the  perturbation. 
Many  interesting  applications  of  this  technique  have  appeared  in  the  literature  [3, 4], 
Their  success  appears  direcdy  related  to  sampling  problems  and  minimal  perturbation 
to  insure  equilibration. 

B.  Systematic  Search  [5]  and  the  Active  Analog  Approach  [6] 

Simulation  methods  are  but  a  subset  of  the  approaches  used  in  mapping  the 
potential  surface  of  a  ligand.  It  should  be  noted  that  simple  minimization  procedures 
locate  the  closest  local  minimum  depending  on  the  starting  conformation.  A  more 
comprehensive,  less  path -dependent  approach  is  generally  required. 

In  contrast  to  most  conformational  searching  tools  which  are  stochastic, 
systematic  search  methods  are  algorithmic.  All  sterically  allowed  conformations  ate 
generated  by  a  grid  search  of  the  torsional  variables  at  a  fixed  angular  increment. 
Systematic  search  methods,  therefore,  do  not  have  problems  in  sampling  and  are  path 
independent,  but  are  combinatorial  in  complexity  which  may  limit  the  fineness  of  the 
torsional  grid  and,  thus  compromise  the  results.  In  the  Active  Analog  Approach,  a 
set  of  distances  between  the  postulated  pharmacophoric  groups,  or  active  site  points, 
are  measured  for  each  sterically  allowed  conformation.  The  set  of  distances,  each  of 
which  represents  a  unique  pattern,  constitutes  an  OMAP.  Each  point  of  the  OMAP 
is  simply  a  submatrix  of  the  distance  matrix  and,  as  such,  is  invariant  to  global 
translation  and  rotation  of  the  molecule.  If  the  initial  assumption  is  valid  that  the 
same  binding  mode  of  interaction,  or  pharmacophoric  pattern,  is  common  to  the  set 
of  molecules  under  consideration,  then  the  OMAP  for  each  active  molecule  must 
contain  the  pattern  encrypted  in  the  set  of  distances.  By  logically  intersecting  the  set 
of  OMAPs,  one  can  determine  which  patterns  are  common  to  all  molecules.  In  other 
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words,  all  potential  pharmacophoric,  or  active  site,  patterns  consistent  with  the 
activity  of  the  set  of  molecules  can  be  found  by  this  simple  manipulation  of 
OMAPs. 

C.  Correlation  Approaches  and  3D  QSAR  [6] 

Because  of  the  difficulties  in  direct  calculation  of  free  energies  of  binding  and 
their  requirements  for  an  accurate  molecular  description  of  the  structure  of  the  binding 
site,  alternative  approaches  have  been  developed  which  use  a  training  set  of 
observations  on  structure-activity  to  develop  a  correlation  model  which  can  then  be 
used  to  extrapolate  predicted  affinities  for  novel  compounds.  This  approach  was 
originally  developed  for  congeneric  series  by  Hansch  and  others  to  deal  with  the 
effects  of  changing  substituents,  and  is  commonly  referred  to  as  quantitative 
structure-activity  relationships,  or  QSAR.  Generalizing  this  approach  to  three- 
dimensions  allowed  analysis  of  non-congeneric  series  assuming  that  appropriate 
orientation  rules  for  aligning  the  different  molecules  could  be  developed.  In  the 
absence  of  three-dimensional  data  on  receptor  structure,  either  a  pharmacophore 
hypothesis  regarding  spatial  correspondence  between  groups  in  different  molecules 
when  interacting  with  the  receptor,  or  an  active-site  hypothesis  regarding  essential 
groups  within  the  receptor  which  would  interact  with  each  ligand  provides  a  basis  for 
deriving  an  alignment  of  ligands.  Once  the  ligands  are  aligned,  their  potential  fields 
can  be  compared  and  correlations  drawn  between  differences  in  the  fields  and  relative 
affinities.  One  such  procedure  for  deriving  such  correlations  is  called  Comparative 
Molecular  Field  Analysis  (CoMFA)  and  has  proven  useful  in  predicting  activities  for 
sets  of  non-congeneric  molecules.  One  can  also  use  the  structure  of  a  known  active 
site  to  help  align  the  ligands  under  consideration. 

II.  Integrating  peptide  structural  studies  into  molecular  modeling 

As  an  alternative  to  identifying  likely  bioactive  conformations  by  computing 
the  potential  energy  surface  of  a  molecule,  one  can  experimentally  observe  the 
conformation  of  the  molecule,  either  by  itself  or  when  bound  to  its  receptor. 
Experimental  data  usable  in  peptide  modeling  is  geometric  in  nature:  atomic 
coordinates,  bond  lengths,  bond  angles,  intemuclear  distances,  and  torsion  angles. 
Qualitative  information  such  as  secondary  structure  content  and  functional  groups 
essentia!  for  ligand  binding  are  also  used.  Key  considerations  in  incorporating 
experimental  information  include:  Is  the  observation  relevant  to  the  question  at  hand? 
Is  the  experimental  data  conformationally  averaged?  If  so,  is  there  useful  information 
on  relative  populations  of  conformers?  Is  the  absence  or  presence  of  data  meaningful? 
What  is  the  accuracy  and/or  precision  of  the  observations? 

The  experimental  data  of  most  relevance  to  the  bound  conformation  of  a  peptide 
is  clearly  derived  from  analyses  of  the  ligand/receptor  complex.  The  heterogeneity  of 
the  environment  presented  by  the  receptor  is  difficult  to  reproduce  in  any  symmetric 
solution  or  solid-state  environment,  and  as  a  result  there  is  no  guarantee  that 
observations  of  peptide  structure  made  outside  the  receptor  environment  are  relevant 
to  the  ligand/receptor  complex  [7],  When  the  only  experimental  subject  available  is 
the  isolated  peptide,  experimental  analyses  are  best  done  in  environments  that  closely 
approximate  the  biological  environment  -  for  example,  determining  the  structure  of  a 
channel-forming  peptide  in  micelles  rather  than  DMSO.  As  covalent  constraints  are 
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incorporated  into  the  ligand  with  retention  of  activity,  confidence  in  the  relevance  of 
free  ligand  structures  may  increase  although  even  seemingly  well-constrained  peptides 
can  exhibit  environmentally  dependent  conformations  [8]. 

X-ray  crystallography  is  the  experimental  tool  yielding  the  greatest 
quantity  of  information.  Structures  of  ligand/receptor  complexes  reveal  functional 
groups  on  both  entities  essential  for  binding  as  well  as  the  bound  conformation  of 
the  ligand  which  can  be  translated  into  intemuclear  distances  and  torsion  angle 
restraints  usable  in  subsequent  modeling.  X-ray  analyses  of  free  peptides  can  provide 
one  or  more  low-energy  conformers  for  use  in  modeling,  although  most  molecular 
mechanics  force  fields  are  now  adequate  to  identify  a  reasonable  set  of  low-energy 
conformers.  X-ray  analysis  of  a  free  peptide  is  still  a  viable  tool  for  determining 
equilibrium  bond  lengths  and  bond  angles,  especially  for  unusual  amino  acids. 
Conformational  averaging  is  observed  as  reduced  electron  density  due  to  partial 
occupancy  of  the  unit  cell,  or  a  complete  absence  of  density  which  reflects  disorder. 
The  fact  that  disordered  regions  do  not  produce  observable  data  can  create  an  artificial 
confidence  in  observed  conformations.  Although  many  molecules  are  available  in 
sufficient  quantity,  the  requirement  for  a  crystalline  sample  is  still  a  barrier  to  X-ray 
analysis. 

Solution  NMR  is  second  only  to  X-ray  in  terms  of  information  content. 
Several  magnetic  resonance  experiments  can  provide  information  on  the  bound 
conformation  of  a  ligand  (9],  including  a  straightforward  NOESY  evaluation  of  the 
ligand  or  ligand/receptor  complex;  transferred  NOE  experiments  (for  low  affinity 
ligands);  and  isotope-directed  NOE  experiments.  Solubility  and/or  aggregation 
problems  at  the  sample  concentrations  required  (0.1-2  mM)  are  not  always 
appreciated,  and  most  3-  and  4-dimensional  studies  require  isotopically  labelled 
material.  NMR  differs  from  X-ray  in  that  atomic  coordinates  are  determined  using 
computational  techniques  which  identify  conformations  consistent  with  the 
experimental  restraints  -  interproton  distances  based  on  NOEs  and  torsion  angles 
derived  from  coupling  constants.  The  behavior  of  the  NOE  varies  as  a  function  of 
molecule  size,  changing  from  positive  for  small  molecules  to  negative  for  proteins. 
At  the  transition  point  between  the  two  extremes,  NOEs  are  zero.  This  regime 
which  often  applies  to  peptides  3-20  residues  in  length;  ROESY  experiments  are  then 
appropriate  in  that  cross-relaxation  peaks  are  positive  over  the  entire  size  range. 

The  rate  at  which  the  NOE  develops,  a,  is  a  function  of  the  intemuclear 
distance  and  the  motional  properties  of  the  molecule.  The  r6  dependence  of  a  means 
that  the  NOE  drops  off  rapidly  with  distance,  and  as  a  result,  only  short  distances  (<5 
A)  are  observable.  In  a  semi-quantitative  approach,  NOEs  are  clustered  into  strong, 
medium,  and  weak  intensities  and  distance  ranges  assigned  to  each.  A  somewhat 
more  quantitative  approach  is  the  isolated  spin  pair  approximation  (ISPA).  This 
assumes  that  the  motional  properties  of  every  proton  pair  in  the  molecule  are 
identical,  and  that  each  proton  pair  is  isolated  from  every  other  proton  in  the 
molecule.  This  approach  can  result  in  large  errors  (20-30%)  in  distances,  although 
the  problem  is  not  as  great  for  small  molecules.  An  alternative  means  of  extracting 
distances  from  NOE  intensities  is  to  solve  the  Bloch-Solomon  equations,  either  by 
integration  or  by  diagonalizing  the  matrix  of  peak  volumes  to  solve  for  Ojj  [10]. 
Distance  restraints  calculated  in  this  fashion  have  been  shown  to  be  more  accurate 
(±0.1 -0.2  A)  than  the  ISPA  treatment,  although  a  model  which  describes  the  motion 
of  the  molecule  is  required.  In  the  simplest  treatments,  the  molecule  is  treated  as  a 
rigid,  isotropically  tumbling  sphere.  An  analysis  of  the  effect  of  this  simplifying 
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approximation  on  calculated  distances  [11]  reveals  that  the  absence  of  an  NOE  peak 
does  not  necessarily  mean  two  protons  are  >5  A  from  one  another. 

Coupling  constants  are  converted  into  torsion  angle  restraints  using  the  Karplus 
relationship  and  any  of  several  calibrations  that  have  been  done  for  peptides  and 
proteins.  As  restraints,  coupling  constants  are  most  useful  at  their  extreme  values 
due  to  the  degeneracy  of  states  for  mid-range  values  or  to  conformational  averaging. 
The  combined  use  of  coupling  constants  and  short-range  NOEs  can  make 
stereospecific  assignment  of  prochiral  protons  possible  [12]. 

Extracting  distances  and  torsion  angles  from  NMR  experiments  to  use  as 
restraints  in  conformational  searches  rests  on  a  significant  assumption:  the  molecule 
is  present  in  solution  as  a  single  conformer.  The  long  time  scale  of  the  NMR 
measurement  (10-3  -10' 5  sec)  allows  contributions  to  the  same  chemical  shift  from 
conformations  exchanging  over  a  wide  rate  window.  In  addition,  short-range 
interproton  distances  (for  example,  sequential  aH-NH)  can  be  less  than  the  detectable 
limit  of  5  A  over  many  conformational  states.  This  differs  from  X-ray,  where 
disordered  regions  do  not  generate  a  signal.  Observable  data  can  create  an  impetus  to 
interpret  it.  When  conformational  averaging  is  present,  this  is  dangerous,  because 
the  NOEs  and  coupling  constants  are  population-weighted  averages.  Such  efforts 
often  give  rise  to  a  "virtual  conformation"  -  a  structure  which  satisfies  the 
experimental  restraints  but  is  energetically  unrealistic.  Conformational  averaging  can 
be  diagnosed  by:  1)  the  failure  of  any  energetically  reasonable  conformation  to 
accommodate  all  distance  and  torsion  angle  restraints,  either  globally,  representing 
complete  disordering  of  the  structure,  or  in  local  "hot  spots"  -  regions  in  which 
restraints  are  poorly  satisfied,  due  to  averaging;  2)  inconsistencies  in  coupling 
constant  and  NOE  values,  since  these  average  differently;  or  3)  the  absence  of 
coordinated  information  -  medium  range  NOEs,  coupling  constants,  and  H-bonds  - 
over  a  contiguous  block  of  amino  acids  necessary  to  define  a  secondary  structure  [14]. 
Most  linear  peptides  display  conformational  averaging  in  solution  [15], 

Numerous  strategies  have  evolved  for  dealing  with  confoimational  averaging. 
One  could  implement  restraints  over  only  that  part  of  the  molecule  which  appears  to 
be  well-defined  and  allow  a  confcmational  search  to  generate  possible  conformations 
of  the  averaged  portion.  Alternatively,  since  the  r6  weighting  skews  the  observed 
NOE  to  short  distances,  one  could  argue  that  at  any  given  time,  a  conformation  is 
present  which  satisfies  the  observed  NOE.  Subsets  of  restraints  could  be  randomly 
selected  and  used  to  generate  a  set  of  candidate  conformations,  each  of  which  explains 
a  part  of  the  data  [16].  For  simulation  methods,  one  could  implerr'-nt  time-averaged 
restraints  [17]  over  those  parts  which  undergo  averaging. 

As  an  alternative  to  using  the  conformationally  averaged  NMR  data  as  a 
primary  filter,  low-energy  conformers  can  be  used  in  a  set  of  simultaneous  equations 
to  solve  for  the  relative  populations  of  each.  Another  option  would  be  to  select 
conformational  candidates  based  on  probabilistic  information,  i.e„  their  frequency  of 
appearance  in  crystal  structures.  An  entirely  different  approach  would  be  to  use  the 
experimental  data  to  solve  for  the  continuous  probability  function  about  a  given 
torsion  angle  [18],  thereby  avoiding  the  issue  of  inadequate  sampling  of 
conformational  space  implicit  in  the  use  of  discrete  candidates  for  averaging. 

Solid-state  NMR  is  an  alternative  technique  for  samples  which  are  difficult 
to  crystallize  for  X-ray  analysis  or  whose  motional  properties  make  them  unsuitable 
for  solution  NMR  study  due  to  increased  linewidths.  These  studies  fall  into  two 
classes  [19]:  those  that  orient  the  sample  within  the  magnetic  field  and  use  the 
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orientation  dependence  of  chemical  shift  tensors  and  dipolar  interactions  to  extract 
structural  information;  and  those  that  use  magic  angle  spinning  with  specialized 
methods  to  recover  the  rotationally-averaged,  distance-dependent  dipolar  couplings. 
Orientation-dependent  experiments  can  yield  torsion  angles  within  10°,  while 
distances  calculated  from  dipolar  coupling  have  accuracies  of  ±0.1  -0.5  A.  In  both 
cases,  site-specific  information  is  obtained  by  the  incorporation  of  stable  isotopes 
which  are  NMR-active.  The  large  amounts  of  sample  needed  (50-200  mg)  can  be  a 
barrier,  but  the  form  of  the  sample  can  range  from  crystalline  to  lyophilized  powders. 

Electron  Spin  Resonance  employs  stable,  free  radical  reporter  groups 
whose  spectra  are  sensitive  to  the  environment  and  can  reflect  mobility  and  solvent 
exposure  of  the  spin-labeled  site  [20,  21].  The  dipolar  interaction  between  two 
electrons  increases  their  relaxation  rate,  revealed  as  an  increase  in  ESR  linewidth. 
This  perturbation  has  an  r6  distance  dependence,  and  like  the  NOE  experiment, 
quantitation  of  the  distance  requires  an  estimate  of  correlation  time.  The  large 
gyromagnetic  ratio  of  the  electron  means  that  the  technique  has  high  sensitivity, 
which  can  be  translated  into  a  decreased  sample  requirement  and  the  ability  to  measure 
distances  greater  than  the  5  A  observable  by  'H-'H  NOE.  The  time  scale  of  the  ESR 
measurement  itself  is  fast,  on  the  order  of  10*8  sec,  making  time-resolved 
experiments  possible.  Paramagnetic  species  can  also  be  used  to  perturb  NMR 
linewidths,  allowing  distance  measurements  of  20  A  or  more. 

Circular  dkhroism  [22]  is  used  for  identifying  secondary  structure  content 
in  solution  environments,  even  for  molecules  which  are  not  suitable  for  solution 
NMR.  In  contrast  to  NMR,  CD  yields  the  population  of  helix  and  sheet  directly, 
because  the  signal  arising  from  each  is  unique  and  the  time  scale  of  the  measurement 
is  rapid.  The  evaluation  of  CD  spectra  as  summed  contributions  of  helix  and  sheet 
was  extended  to  turns  [23],  a  structural  class  of  great  interest  to  peptidomimetic 
design.  Those  analyses  revealed  that  although  the  presence  of  a  turn  could  be  detected 
by  CD,  exact  determination  of  its  type  depends  on  corroborative  information  from 
another  source  such  as  NMR  [24],  Quantitative  determination  of  secondary  structure 
content  by  CD  continues  to  be  subject  to  appropriate  standards  for  calibration  and  the 
number  and  type  of  secondary  structure  descriptors  [25]. 

Fourier  transform  infrared  spectroscopy  (FTIR)  has  a  rapid  time 
scale  (10- 12  sec)  complementary  to  that  of  ESR  and  NMR.  The  primary  lines  of 
interest  arise  from  the  N-H  stretch,  which  gives  information  on  H-bonding,  and  the 
position  of  the  amide  I  band,  which  is  due  mainly  to  backbone  C=0  stretching  and 
has  been  correlated  with  secondary  structure.  Correlations  to  helix  and  sheet 
structures  are  the  best  defined;  the  correlation  with  turns  is  not  as  well  characterized. 
In  the  past,  the  broad  lines  and  inability  to  extract  site-specific  information  have 
limited  the  impact  of  FTIR  to  qualitative  structural  determinations,  but  resolution 
enhancement  methods  have  made  it  possible  to  measure  line  positions  within  0.1 
cm-1  [26].  Isotopic  labelling  allows  site-specific  perturbation  of  the  FTER  spectrum 
[27],  and  as  the  correlation  between  local  structure  and  amide  I  line  position 
improves,  it  should  be  possible  to  extract  detailed  information  on  local  conformation. 

Fluorescence  emission  and  energy  transfer  are  additional  optical 
techniques  which  provide  information  on  the  local  environment  and  site-specific 
distance  information  through  the  use  of  appropriate  reporter  groups.  Shifts  in 
excitation  and  emission  frequencies,  for  example,  can  demonstrate  association  of 
peptides  with  lipid  in  vesicles.  Energy  transfer  is  based  on  dipole-dipole  interactions 
and  consequently  has  an  r6  dependence;  distances  >20  A  are  measurable.  The  time 
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scale  of  fluorescence  decay  (10*8  sec)  is  such  that  distributions  of  distances  can  be 
determined  with  an  accuracy  that  depends,  among  other  things,  on  defining  the 
orientation  factor  between  the  interacting  dipoles  [28]. 

Computational  tools  are  needed  to  search  for  all  possible  conformations 
consistent  with  the  data.  Experimental  restraints  can  be  implemented  in  energy 
minimization  and  molecular  dynamics/Monte  Carlo  simulations  simply  by  adding 
terms  to  the  force  field  which  act  as  an  attractive  potential  to  pull  the  proton  pairs 
together  [29].  Entrapment  in  local  minima  is  a  significant  problem  with  high 
constraint  density,  and  as  a  result  the  force  fields  used  in  these  calculations  are 
modified  to  reduce  electrostatic  and  van  der  Waals  contributions.  This  allows  atoms 
to  pass  through  one  another  and  improves  the  sampling  properties  of  the  algorithm. 
Torsional  minimization  using  rigid  bond  lengths  and  bond  angles  is  another  method 
used  in  fitting  NMR  data  [30].  The  combinatorial  difficulties  with  systematic  search 
have  been  overcome  to  make  this  a  usable  tool  in  analyzing  experimental  data  [31]. 

Distance  geometry  [32]  is  extensively  used  in  the  analysis  of  NMR  data, 
largely  because  it  is  an  efficient,  path-independent  means  of  generating  initial 
structures  which  can  be  refined  by  other  methods.  There  are  three  stages  in  this 
calculation:  construction  of  bounds  matrices  and  bounds  smoothing;  embedding;  and 
optimization.  In  the  first  phase,  matrices  are  created  which  enumerate  the  minimum 
and  maximum  distance  between  all  pairs  of  nuclei  in  the  molecule.  Entries  in  these 
matrices  originate  in  experimental  observations  or  are  holonomic  constraints  derived 
from  the  covalent  structure  of  the  molecule  (bond  lengths,  1-3  distances,  and  1-4 
distances).  For  most  molecules,  only  a  small  fraction  of  the  required  interatomic 
distances  are  available  from  these  sources.  Additional  constraints  are  implicit  in  the 
geometric  relationships  (e.g.,  triangle  inequalities)  between  the  distances,  and  in  the 
smoothing  process,  entries  in  the  bounds  matrices  are  adjusted  to  satisfy  these 
relationships.  A  trial  distance  matrix  is  created  by  randomly  selecting  intemuclear 
distances  within  the  smoothed  upper  and  lower  limits.  This  trial  distance  matrix  is 
used  in  the  embedding  process  by  which  Cartesian  coordinates  are  calculated  from  the 
matrix  of  trial  distances.  The  structure  produced  from  the  embedding  process  is  only 
an  approximate  fit  to  the  distance  restraints.  The  optimization  of  x,  y,  and  z 
coordinates  in  the  final  stage  is  with  respect  to  the  input  distances  and  not  with 
respect  to  a  molecular  mechanics  force  field. 

In  summary,  experimental  tools  can  provide  information  about  low-energy 
conformations  of  peptides  for  use  in  molecular  design.  One  should  examine  a  ligand 
with  a  variety  of  experimental  techniques  to  exploit  their  complementary  information 
content  and  time  scales.  Experiments  in  a  variety  of  environments  which  point  to 
the  same  set  of  conformations  would  confirm  minima.  It  is  important  to  understand 
the  assumptions  in  extracting  information  from  data  for  use  in  modeling,  as  these 
restraints  place  bounds  on  the  conformational  search  and  the  minima  identified. 
Finally,  it  is  essential  to  know  the  sampling  properties  of  the  chosen  conformational 
searching  protocol  and  to  recognize  that  when  the  experimental  restraints  are  not 
sufficient  to  define  a  structure,  the  results  reflect  the  sampling  biases  of  the 
technique. 
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III.  Guidelines  for  Practical  Applications  of  Molecular  Modeling  to 

Peptides 

One  approach  to  peptide  design  is  based  on  the  assumption  that  the  receptor- 
bound  (biologically  active)  conformation  for  highly  potent  peptide  analogs  resembles 
one  of  the  low-energy  conformers.  By  systematically  sampling  the  variety  of  low- 
energy  conformers  for  each  of  a  set  of  active  analogs  and  comparing  them  for  three- 
dimensional  commonality,  one  can  deduce  a  common  low-energy  conformation 
accessible  to  all  the  analogs  which,  hopefully,  resembles  the  bioactive  conformation. 

In  our  experience,  the  following  steps  are  useful  in  obtaining  a  reasonable 
starting  model  of  the  biologically  active  conformation  for  a  given  peptide: 

1.  Decide  on  the  specificity  and  selectivity  of  the  peptide-receptor  interaction  to 
be  modeled.  In  many  cases,  the  modes  of  interaction  of  the  same  peptide  with 
different  specific  receptors  may  be  different,  and  consequently  the  models  of  the 
biologically  active  conformers  should  be  different  as  well.  Considerable  evidence 
indicates  that  agonists  and  antagonists  have  different  binding  modes  and,  therefore, 
should  be  modeled  independently. 

2.  Determine  (or  hypothesize)  which  groups  in  the  peptide  are  important  for 
receptor  recognition  and  activation.  This  set  of  groups  can  be  refined  by  subsequent 
comparison  of  the  spatial  arrangements  of  these  functional  groups  in  various  analogs. 

3.  Perform  energy  calculations  for  several  active  analogs  as  well  as  for  the 
peptide  itself  and  determine  sets  of  low-energy  conformers  for  each.  Calculations  for 
conformationally  different  analogs  (e.g.,  those  with  substitutions  of  D-,  N-Me, 
dehydroamino  acids  or  a-Me-amino  acid  residues,  or  those  with  cyclic  constraints)  are 
preferable  at  this  step.  It  is  essential  to  consider  the  sets  of  low-energy  conformers  for 
each  compound,  not  just  a  single  lowest-energy  conformation. 

4.  Compare  spatial  arrangements  of  the  functionally  important  groups  for 
every  low-energy  conformer  of  the  peptide  and  its  active  analogs.  Those  sets  of 
conformers  with  similar  spatial  arrangements  of  the  functionally  important  groups 
common  to  all  active  compounds  are  candidate  models  for  the  biologically  active 
conformation.  Sometimes,  it  is  possible  to  include  non-active  analogs  in  the 
comparison  as  well,  to  eliminate  common  conformations  from  consideration. 
However,  it  should  be  remembered  that  the  reasons  for  lack  of  activity  may  not  be 
directly  connected  to  conformational  possibilities  of  the  analog. 

5.  Use  the  derived  model(s)  to  design  new  conformationally  constrained  analogs 
that  test  its  predictive  value.  Energy  calculations  of  the  new  analogs  are  performed 
independently  and  the  model  is  refined  against  the  biological  results. 

This  approach  was  successfully  employed  for  deducing  a  model  of  the  receptor- 
bound  conformation  for  5-opioid  peptides  (33,  34],  Three  S-selective  analogs  of 
enkephalin,  namely  DPDPE  (Tyr-cyc/o[D-Pen-Gly-Phe-D-Pen]),  JOM-13  (Tyr- 
cyc/o[D-Cys-Phe-D-Pen])  and  dermenkephalin  (Tyr-D-Met-Phe-His-Leu-Met-Asp- 
NH2,  DRE)  were  selected  for  molecular  modeling.  Previous  work  in  the  field 
suggested  a  common  spatial  arrangement  of  the  N-terminal  a-amino  group  and  the 
side  chains  of  the  Tyr1  and  Phe473  residues  in  the  receptor-bound  conformation  of  6- 
opioid  peptides.  Energy  calculations  for  all  three  peptides  were  performed  by  the 
build-up  procedure  with  the  use  of  the  ECEPP  potential  field.  A  comparison  of  the 
spatial  arrangement  of  functionally  important  groups  found  a  specific  type  of  low- 
energy  conformer  similar  to  all  5-selective  peptides  in  question,  and  allowed 
construction  of  a  starting  model  for  the  5-receptor-bound  conformation.  The  most 
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characteristic  feature  of  the  model  was  the  placement  of  the  Phe  side  chain  in  space 
corresponding  to  a  Xj  rotamer  that  is  g*  for  peptides  containing  Phe4  and  t  for 
peptides  with  Phe3  [33].  The  refinement  of  the  model  was  achieved  by  considering 
new  "hybrid”  analogs  of  opioid  peptides  with  pronounced  shifts  in  their  affinities 
toward  p-  and  S-opioid  receptors  [35].  Energy  calculations  and  geometrical 
comparison  of  these  analogs  together  with  previous  findings  led  to  the  suggestion 
that  there  is  a  unique,  common  spatial  arrangement  of  the  a-amino  group  and  Tyr 
and  Phe  aromatic  moieties  in  the  DRE  5-receptor-bound  conformer.  It  corresponds  to 
the  g'  rotamer  of  the  Tyr  and  to  the  t  rotamer  of  the  Phe  side  chains  [34]. 

The  proposed  model  was  confirmed  by  synthesis  and  biological  testing  of 
conformationally  constrained  analogs  of  deltorphin  I,  a  5-selective  linear  peptide  (Tyr- 
D-Ala-Phe-Asp-Val-Val-Gly-NH2,  DT).  Energy  calculations  performed  for  DT  and 
subsequent  comparison  of  its  low-energy  conformers  to  the  proposed  model  showed 
the  pronounced  similarity  of  this  model  to  one  of  the  low-energy  conformers  of  DT. 
The  side  chains  of  the  D-Ala2  and  Val5  residues  in  this  particular  conformer  of  DT  are 
fairly  close  to  each  other,  which  suggested  the  possibility  of  linking  positions  2  and 
5  in  DT  by  a  disulfide  bridge  while  preserving  the  chirality  of  the  corresponding  C“- 
atoms.  Energy  calculations  on  the  [D-Cys2,  Cys5]-DT  analog  confirmed  the 
compatibility  of  this  cyclization  with  the  model.  Subsequently,  several  cyclic 
analogs  of  DT  were  synthesized  and  tested  for  their  receptor  binding  and  biological 
potency  [36,  37].  The  results  showed  that  [D-Cys2,  Cyss]-DT  was  as  active  as  linear 
DT  at  5-receptors,  but  much  more  active  at  p-receptors  [36].  Thus,  the  5-selectivity 
of  the  [D-Cys2,  Cys5]-DT  analog  was  diminished;  but  it  was  restored  in  the  similar 
[D-Cys2,  Pen3]-DT  cyclic  analog  [37].  Another  confirmation  of  the  proposed  model 
came  from  the  synthesis  of  conformationally  restricted  analogs  of  the  p-selective 
dermorphin  peptide  (Tyr-D-Ala-Phe-Gly-Tyr-Pro-Ser-NH2,  DRM)  [38,  39].  The 
authors  [38]  have  fixed  the  Phe3  side  chain  of  DRM  into  the  t  rotamer,  which  is 
predicted  by  the  model  for  5-selective  opioid  peptides.  This  subtle  modification  alone 
has  shifted  the  selectivity  profile  for  this  DRM  analog  from  p  to  6-selectivity  [38], 
At  the  same  time,  [Tic3]-DRM,  where  the  Phe  side  chain  was  fixed  into  the  g+ 
rotamer,  was  inactive  on  both  receptor  types  [39]. 

Another  example  of  this  approach  led  to  new  conformational  leads  for 
angiotensin  II  (Asp1-Arg2'Val3-Tyr4-Val/Ue5-His6-Pro7-Phe8,  AT)  [40].  Previous 
work  demonstrated  that  the  problem  of  the  biologically  active  conformation(s)  of  AT 
and  its  analogs  could  not  be  resolved  in  terms  of  common  backbone  structures,  i.e., 
different  kinds  of  turns,  peptide  chain  reversals,  etc.  [41].  Therefore,  a  common 
spatial  arrangement  of  functionally  important  groups  was  sought  in  low-energy 
conformers  of  AT  and  its  active  analogs,  with  the  assumption  that  these  groups  are 
the  aromatic  moieties  of  Tyr4.  His6  and  Phe8  residues,  as  well  as  the  C-terminal 
carboxyl.  Geometrical  comparison  of  the  sets  of  low-energy  backbone  conformers  for 
AT  and  its  analogs,  namely  [(aMe)Phe4]-,  [Pro5]-,  cyc/ofHCys3-5]-  and 
cydo[Cys/HCys3,  Mpt5]-AT,  yielded  a  model  for  the  receptor-bound  conformation(s), 
which  was  used  to  design  a  new  unusual  analog,  [D-Tyr4,  Pro3]-AT.  The  analog 
showed  good  affinity  (IC50  =  42.8  nM)  for  the  ATt  receptor  [40]  vs  a  pD2  value  of 
5.77  for  [D-Tyr^-AT  [42]. 

In  conclusion,  the  examples  above  were  obtained  using  the  ECEPP  force  field, 
which  has  been  calibrated  specifically  for  peptide  molecules  and  shown  to  be  in  good 
agreement  with  high-resolution  X-ray  data  on  proteins.  The  results  of  molecular 
modeling  with  different  force  fields  and  calculation  techniques  (such  as  build-up 
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procedures,  Monte  Carlo  or  molecular  dynamics  simulations)  can  be  different  in  their 
estimates  of  energy  values  for  low-energy  conformers.  However,  the  set  of  sterically 
accessible  geometrical  forms  of  the  peptide  backbone  found  by  different  calculations 
are  in  much  better  agreement.  A  survey  of  publications  on  DPDPE(  1988-92) 
revealed  that  despite  the  large  differences  in  relative  energies  for  die  lowest-energy 
conformers,  different  authors  found  very  similar  allowed  geometrical  forms  of  the 
DPDPE  backbone  (in  terms  of  a  common  spatial  arrangement  of  Ca  and  Cf)  atoms) 
by  different  protocols  using  a  variety  of  force  fields.  Generally,  the  sets  of  low- 
energy  geometrical  forms  for  peptides  are  much  more  limited  than  the  sets  of  low- 
energy  conformers.  At  the  same  time,  the  backbone  conformers  for  different  analogs 
do  not  necessarily  have  to  be  identical,  or  even  very  similar,  to  ensure  the  similar 
spatial  arrangement  of  functionally  important  groups  which  is  the  dominant 
recognition  pattern. 
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magainins  820 
minibody  1032 
model  a-helical  peptides  247 
neuropeptide  Y  508 
parathyroid  hormone  556 
peptomers  924 
phosphopeptide  377,  799 
PTH  556 

sequential  peptides  812 
sex  determining  region  Y  943 
transmembrane  segments  757 
zinc  fingers  1048 
cis-amide  bond  37 
cis-proline  1093 
cis-trans  isomerism  748 
Cleavage  reactions  2 1 1 
HF  196 
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integrated  cleavage  capability  88 
trifluoromethanesulfonic  acid 
116,  127 

Cloning  bradykinin  receptor  433 
Cloning  peptide  transport  genes  840 
Coagulation  83,  788 
CoA  transferase  257 
Coiled-coils  806,  1038,  1045,  1054, 
1057,  1060,  1065,  1069 
Collagen  362 
fragments  362 
peptides  1043 
Collagenase  583 
Collision-induced  dissociation  259 
Computer  modelling 
see  Molecular  modelling 
Conantokin-G  526 
Conformational  analysis  1 105 
angiotensin  II  908 
azapeptides  299 
bicyclic  cyteinyl  peptides  782 
bombolitin  III  810 
bradykinin  687 
calcium-binding  peptides  921 
CCK-8 
collagen  362 
CRF  544 

cyclic  disulfide  peptides  782 
disulfide  induced  1027 
enkephalin  analogs  414,435 
fibronectin-like  sequence  815 
gonadotropin  releasing  hormone 
766 

gramicidin  S  284 
GRF  analogs  802 
a-helical  peptides  287 
3-helix  bundle  protein  1% 

IgE  receptor  peptides  785 
magainin  772,  820 
a-methy  1-leucine  peptides  315 
opioid  peptides  905 
platelet  aggregating  inhibitory 
peptides  780 
polycyclic  peptides  1036 
proline-containing  peptides  748 


pseudomonas  aeruginosa  pilin 
peptide  748 
pseudopeptides  414 
receptor-ligand  complex  760 
renin  inhibitors  299 
sequential  peptides  812 
src-TPK  376 
turn  conformation  748 
Conformational  constraints  3,  586, 
719 

Conformadonally  restricted  peptides 
95,  113,  430,631,725,  817, 
1036 

aureobasidin  A  356 
bradykinin  381,  547,  550,  687 
fV-casomorphin  523 
cyclic  disulfide  peptides  586 
deltorphin  514 
enkephalins  435 
epitopes  719 
a-factor  430 

fibrinogen  receptor  antagonists 
586 

geodiamolide  A  215 

GnRH  684,766 

gonadotropin  1048 

gramicidin  S  284 

GRF  46,541,802 

HTV-1  binding  peptides  888, 924 

kinins  349,  353 

lactam  bridge(s)  3, 430, 541 

libraries  981,1009 

(a-Me)  Leu  containing  3 1 5 

microcystin  577 

MSH  3 

neuropeptide  Y  508, 553 
opioid  peptide  104, 905 
RGD  peptides  97,384,780 
somatostatin  211,496 
vasoactive  intestinal  peptide  843 
Conotoxin  93,  526 
Constrained  amino  acids  601 
Constraints 
design  3 

Continuous  SPPS  156,  727 
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Continuum  electrostatics  model  890 
Convergent  SPPS  34,  156 
Copper  complex  107,  181 
Corticotropin-releasing  factor  (CRF) 
71,  130,  544 

Counterion  distribution  monitoring 
207 

Coupling,  difficult  156 
Coupling,  monitoring  207 
Coupling  reagents  124 
at  elevated  temperature  71 
BOP  59,  65,  105,  154,  189, 
430,446 

W-carboxyanhydrides  51,56 
DCC  189 
HAPyU  95 
HOAt  95,  124 
HOBt  71,113,124,446 
PyBOP  113,  124 
PyBroP  124,356 
TAPipU  95 

Coupling,  sterical  hindrance  130 
Covalent  semisynthesis  54 
CRF 

see  Corticotropin-releasing  factor 
C-terminal  exposed  peptide  libraries 
992 
CTL 

see  Cytotoxic  lymphocytes 
Culekinin  704 
Cyclic  hydrazine  133 
Cyclic  peptides  113,631,725,817, 
1036 

aureobasidin  A  356 
bradykinin  381,  547,  550,  687 
bradykinin  antagonists  381 
P-casomorphin  523 
computer  modelling  880 
cyclic  opioid  peptides  905 
cystine  peptides  151 
deltorphin  analogs  514 
dipeptides  849 

disulfide  peptides  1 5 1 , 586,  782 
endothelin  antagonists  610 
enkephalins  435 


a-factor  430 

fibrinogen  receptor  antagonist 
586 

geodiamolide  A  215 
GnRH  684,766 
GPmVHIa  antagonists  384 
GRF  541 
HIV-1  888 

human  chorionic  gonadotropin 
1048 

immunogens  104 
kinins  349,  353 
lactams  430,  541 
libraries  981,  1009 
malaria  725,  817 
microcystin  577 
neurokinin  A  antagonist  487 
neuropeptide  Y  508, 553 
opioid  peptides  104, 905 
oxytocin  antagonist  275 
pentapepddes  981 
polycyclic  peptides  1036 
RGD  peptides  97,  384,  780 
somatostatin  analogs  211, 496 
synthesis  95,  278 
thrombin  646 

vasoactive  intestinal  peptide  843 
Cyclization,  intra/interchain  reaction 
44,  95,  356 

Kaiser  oxime  resin  97,  101 
solid  supports  3 
Cystathionine  1 19 
Cysteine 

alkylations  1 19 
N-termintl  capping  159 
Cysteinyl  peptides  62,  1 19,  159, 
782 

Cysteinyl  protecting  group  1 16 
Cystine  peptides  151,  782,  1085 
Cytochrome  c  80 
Cytokines  654 
Cytotoxic  peptides  1033 
Cytotoxic  T  lymphocytes  736 
Cytotoxicity  455 
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CZE 

see  Capillary  electrophoresis 

DCC  189 
dDAVP  438 
DDP 

see  Dipeptidylpeptidase 
D-amino  acid  247,  293,  362,  384, 
403,  470,  490,  499,  602.  984, 
1003,  1027 

Dehydroamino  acids  167 
Delivery  of  peptides  830 
Deltorphin  483,514,701 
Denaturants  44 

De  novo  protein  design  37, 940, 
1027,  1030,  1052,  1054,  1057, 
1060,  1063,  1065,  1067 
Deprotection 

arginine  protecting  group  121 
cysteinyl  protecting  group  1 16 
Depsipeptide  356 
Design 

antibody  mimics  310 
antigen  mimics  310 
peptides  3 

peptidomimetics  3,  278 
protein  mimics  310 
Desmopressin  914 
Diabetes  538 
Diabetes  mellitus 
see  Insulin 

Diagnostics  852,  854,  867,  869 
Dibutylglycyl  793 
Diels- Alder  reaction  164 
Diketopiperazine  483 
Dimerization  595,  978,  1045 
Dimethoxybenzhydryiamine  resin 
(DMBHAR)  59 

Dipeptidyl  peptidase  (DPP-IV)  378, 
859 

Dipropylglycyl  793 
Disulfide 

analysis  1085 
bond  formation  44,  83 
bond  structure  31 


induced  conformation  1027 
Disulfide-linked  dimers  978, 1045 
Dithioacylpapain  intermediates  804 
DNA  binding  peptides  823 
Dolastatin  3 

Domain  ligation  strategy  1075 
DPDPE  analogs  669 
Drug  design  619,  634,  1045 
Drug  resistant  mutants  628 
Dynamic  light  scattering  544 
Dynorphin  3, 657 

E.  coli  473,  625,  663 
Eclosion  hormone  265,  559 
Edman  degradation  31 
EGF 

see  Epidermal  growth  factor 
Electron  spin  resonance  (ESR)  574, 
1105 

Electrospray  ionization  230,  238, 
259,  329,  338 

Electrostatic  interactions  1057,  1069 
ELISA 

see  Enzyme-linked  immuno¬ 
sorbent  assay 

Enantiomeric  purity  62,  167 
Endoglycosidase  698 
Endopeptidase 

arginyl  (AEP)  77 
Glu/Asp  specific  46,  54 
prolyl  (PEP)  77 
y-Endorphin  51 
Endothelin  (ET) 

antagonist  598,  610,  637,  660, 
981 

conformation  in  solution  890 
contractile  potency  422 
synthesis  598 
Endothiopeptides  175 
Energy  calculations 

see  Molecular  modelling 
Enkephalin  3,  68,  127,  290,  414, 
483,  532,  658,  830 
cyclic  analogs  104,  514,  523 
lanthionine  435 


1143 


Subject  Index 


mimetic  271 
pseudopeptides  414 
X-ray  diffraction  490 
Enterotoxin  663 
Enzymatic 

coupling  1075 
degradation  435 
deprotection  1 16 
digestion  of  peptides  and  proteins 
262 

synthesis  46,  54,  77 
Enzyme 

inhibitor  616 

substrate  complexes  804,  946 
synthesis  46,  54,  77 
Enzyme-linked  immunosorbent  assay 
712,  721,  996 

Epidermal  growth  factor  (EGF)  577 
-like  domain  83,  788 
receptor  948 

receptor-related  peptide  199 
related  peptides  446 
Epitope 

conformational  719, 725,  1003 
cytotoxic  712 
mapping  725,  730 
neutralizing  712 
peptides  721 
promiscuous  712,  732 
T-cell  730,753 
EPSP  synthase  760 
Erythrocytes  444, 473 

F,  peptides  719 
FAB 

see  Fast  atom  bombardment 
O-Factor  430 
Factor  IX  83,788 
Factor  Vin  438 
Factor  XIII  867 
Famesylation  324,  353, 622 
Famesyl  transferase 
inhibitors  622 

Fast  atom  bombardment  (FAB)  238 
Fatty  acid  conjugates  327 


Fibrinogen  313 

receptor  antagonists  97,586 
Fibronectin  815,  857 
Film  support  for  SPPS  872 
Fluorescence  414,777 

energy  transfer  414,  812,  1 105 
Fluorescent  marker  989 
Fluorescent  probes  812 
donor-acceptor  pairs  812 
a-Fluoroglycine  161 
Fmoc 

-based  synthesis  1 13,  138,  141 
-fluorides  130 
-ornithine  derivative  107 
Af-carboxy  anhydrides  51 
in  automated,  continuous  flow 
synthesis  51,  59,  62 
peptide  amide  synthesis  85,  149 
Folligen  410 

Foot-and-mouth  disease  virus  721 
Fourier  transform  infrared 

spectroscopy  (FTIR)  772,  785, 
790,820,  1105 

Fragment  coupling  46,  49,  54,  65, 
141 

Free  energy  simulation  899 
Free- Wilson  analysis  390 
FTIR 

see  Fourier  transform  infrared 
spectroscopy 

Fusion  protein  719,  738 

Gastrin 
lipo-  493 

-releasing  peptide  601 
synthesis  56 

Gastrin  releasing  peptide  (GRP)  601 

GC-MS  241 

GCN4  1045 

Gelatinase  583 

Geodiamolides  215 

GH 

see  Growth  hormone 
GIF 

see  Growth  inhibitory  factor 
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da 

see  y-Carboxyglutamic  acid 
Glucagon  532 
antagonist  467 
Glutathione  934,  1009 
Glutathione  S-transferase  934, 1009 
Glycopeptide 
mapping  329 
structure  329, 344 
synthesis  321,  332,  335,  344, 
672 

Glycoprotein  (gp),  IIMEa  complex 
see  RGD 

Glycosylation  698 

effect  on  biological  activity  335 
RGD  peptides  335 
serum  degradation  335 
T-cell  epitopes  335 
GnRH 

see  Gonadotropin-releasing 
hormone 

Gonadotropin-releasing  hormone 
(GnRH) 

analogs  410,  766 
antagonists  403,  684 
conformation  766 
cyclic  95,684,766 
GPIIb/na  antagonists  384 
G  proteins  571 
Gramicidin  S  284 
GRF 

see  Growth  hormone-releasing 
factor 

Growth  factor  receptors  (GFRs)  948 
Growth  hormone  1050 
Growth  hormone  release  390, 859 
Growth  hormone-releasing  factor  85 
analogs  378,  390, 417,  541, 

684,  802,  859 

bioactivity  378,390,417,684, 
859 

enzymatic  synthesis  46,  54 
lability  378 
(l-32)-NH2  analogs  378 


Growth  inhibitory  factor  (GIF)  65 
Guanidine  hydrochloride  44,267, 
1027 

Guanylation  107 
Guanylin  663 

HAPyU  95 

Heat-shock  proteins  763 
a-Helical  coiled  coils  806,  1057, 
1060 

a-Helical  wheels  556 
a-Helices 

distortion  793 
3,o-helix  315,793,8% 
initiation  287 
Helix 

amphipathic  769,  774 
amphiphilic  444,473,478,556, 
1052 

bundles  1%,  362,  1063 
folding  883,  1057,  1060 
-helix  transitions  8% 
peptides  287,  675,  1052 
processing  sites  808 
promoters  675 
stabilization  1057, 1060 
transmembrane  675, 757 
Hematopoiesis  367 
Hematopoietic  peptide  367 
Hemolysis  441,473 
Hemolytic  activity  441,  470 
Hemophilus  influenzae,  outer 
membrane  protein  730 
Hepatitis  B  virus  1016 
Hepatotoxins  577 
Herpes  virus  II  ribonucleotide 
reductases  580 

Heterodimeric  compounds  353 
HF  cleavage 

see  Cleavage  reactions 
High  density  lipoprotein  408 
High  performance  liquid 

chromatography  (HPLC)  31, 
40,  51,  62,  68,  77,  85,  93,  107, 
130,  143,  159,  228,  245,  247, 
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258,  341,  395,  465,  499,  613, 
746,  750,  806,  872,  1038, 
1057,  1081,  1085 
hydrophilic  interaction 
chromatography  228 
ion-exchange  31, 1081 
preparative  5 1 ,  232,  235 
reversed-phase  3 1 , 5 1 , 68,  77, 
85,  93,  107,  159,  228,  247, 
257,  341,  395,  465,  499,  613, 
746,  750,  872,  1057,  1081, 
1085 

separation  of  diastereomers  221 
size-exclusion  chromatography 
806,  1038,  1081 
Hirudin  592,  649 
Hirutonin  peptides  604 
Histamine  release  452,  565 
Histone  H2A  202 
Histone  HI  40,228 
HIV-1 

anti-HIV  peptides  455,  888 
binding  to  receptor  CD4  924 
chemotherapy  888 
infection  862 

nucleocapsid  protein  777,  930, 
956 

peptides  924 
protease  156,  204,  837 
protease  inhibitors  193,  595, 
619,  628,  837 

HLA 

see  MHC 
HOAt  95,  124 
HOBT  71,113,124,446 
Homodimer  formation  921 
Homogeneity 

by  capillary  electrophoresis  31, 
51,244 

by  HPLC  31,244 
HPLC 

see  High  performance  liquid 
chromatography 
Hybrid  analogs  857 
Hydrazides  151 


Hydrazone  link  278 
Hydrins  834 
Hydrodechlorination  190 
Hydrogenation  153,  190 
Hydrogen  bonding  490 
mimics  278,  287,  725 
Hydrogen-deuterium  exchange  259 
Hydrophilic  Him  supports  872 
Hydrophilic  interaction 
chromatography 
histone  HI  228 
Hydrophilic  side  chains  562 
Hydrophilic  tether  666 
Hydrophobic 

-induced  pKa  shifts  940 
interactions  499 
moments  478 
Hydroxamate  dipeptides  864 
Hydroxamic  acid  583 

1.2- Hydroxyaminoethylene  linkage 

281 

1 .2- Hydioxyazidoethylene  group  281 
Hydroxybenzotriazole  (HOBt)  71, 

113,  124,446 

Hydroxymethyl  transferase  230 
Hypertrehalosemic  hormone  receptor 
666 

IgE  receptor  peptides  785 
IL-2 

see  Interieukin-2 
Imaging  852 

Immobilized  substrate  libraries  989 
Immunodominance,  TH  cell  antigenic 
sites  730 

Immunogenicity  1048 
Immunology  709,  712,  715,  719, 
721,  725,  727,  730,  732,  736, 
745,  753,  817,  869 
Indium  854 
Indole  derivatives  2% 

Inflammation  349,  359,  654,  742 
Influenza  hemagglutinin  344,  734 
Influenza  virus  734 
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Infrared  spectroscopy 
see  IR  studies 
Inhibitors 

apolipoprotein  C-I  408 
blood  clotting  867 
farnesyl  transferase  622 
gelatinase  S83 

HIV- 1  protease  193,595,619, 
628 

interleukin  If)  converting  enzyme 
589 

methimine  aminopeptidase 
inhibitor  625 
platelet  aggregation  780 
ribonucleotide  reductase  580 
thrombin  604,  616,  643 
virus  formation  734 
zinc  protease  607 
Insertion  reactions  in  peptide 
synthesis  133 
Insulin 

receptor  574 
Integrins  362 

Interleukin  1  ()  converting  enzyme 
589 

Interleukin-2  receptor  1038 
Interleukin-4  709 
Interleukin-8  analogs  654 
Intestinal  permeability  827 
Intracellulv  peptide  vehicles  1033 
Intramolecular  peptide  bond  formation 
133 
Ion 

binding  359 
channel  peptides  790 
channels  406 

-spray  mass  spectrometry  40, 62, 
228,  359 

Ion -exchange  chromatography  108 1 
acidic  peptides  252 
(o-agatoxin  31 
IR  studies 

amphipathic  peptides  774 
Isoprenylation  324 
Isostere  74 


Kaiser  oxime  resin  97 
Kaliotoxin  529 
KaUidin  349,946 
Kallikrein  946 

inhibitors  886, 946 
KDEL  signal  peptide  184 
Ketenimine  607 
Ketomethylene  analogs  616 
Ketomethylene  isostere  589, 616 
Ketopeptides  589 
Kinase  948 
Kini  nogen  analogs  946 
Kynostatin  619 

Laminin  806,  854,  857 
Laminin-like  peptides  806 
Lanthionine  peptides  101, 435 
Large  scale  synthesis  68,  252 
amyloid  ^-protein  502 
LD-TOF  (laser  desorption-time  of 
flight)  MS  341 
Lectin  652,672 
Leishmania  gp63  815 
Leiurotoxin  I  toxin  520 
Leucine  zipper  1038, 1045 
Lewis  antigen  321 
LHRH 

see  Luteinizing  hormone  releasing 
hormone 

Libraries,  peptides 
see  Peptide  libraries 
Ligation  218 
Linkers 

acid-labile  85,  149,  151 
spacer  136 
trityl-based  149, 151 
Lipid 

bilayer  stability  324 
-dependent  Ca  binding  proteins 
532 

interactions  444,  532,  772,  774 
membrane  406,  532 
-peptide  interactions  324, 327, 
338,  532,  774 
polymorphism  444,  1041 
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Lipoconjugates  727 
LipoMAP  727 
Lipopeptide  conjugates  327 
Lipopeptides  736, 936 
mating  pheromone  324 
Lipophilic  MAPS  727 
Lipophilicity  849 
Litorin  SOS 

Luteinizing  hormone  releasing 
hormone  (LHRH)  77, 400, 
452 

antagonists  362,  4S2,  S62,  S6S 
Lytic  peptides  1041 

Magainin  473,  772,  820 
Major  histocompatibility  complex 
(MHC)  709,998 
Malaria  725,750,817 
Malpighian  tubules  704 
MAP 

see  Multiple  antigen  peptide 
Marine  depsipeptides  215 
Mass  spectrometry  (MS) 

CID  (collision-induced 
dissociation)  259 
electrospray  ionization  230, 238, 
259,  329,  338 
FAB  238 
GC-MS  241 

ion  spray  40,  62,  228,  359 
LD-TOF  (laser  desorption-time  of 
flight)  341 
matrix-assisted  laser 
desorption/ionization  51,  228, 
262,  265 

peptide  mapping  254 
synthesis  and  folding  265 
Mastoparan  473 
a-Mating  factor  175 
Matrix-assisted  laser  desorption  mass 
spectrometry  51, 228, 262, 
265 

Melanocyte-stimulating  hormone 
(MSH)  3,71 
Melanoma  cells  362 


Melanotropin  analogs  398 
a-Melanotropin  3 
Mehttin 

cecropin-hybrids  373, 406, 470 
Membrane 

-based  peptide  synthesis  136, 153 

-bound  peptides  675 

interactions  493 

lysis  373 

permeability  849 

protein  model  1063 

stability  444 

Merozoite  surface  protein  1  725 
Metal 

-binding  359,  852,  1050,  1052 
chelating  peptide  852 
Metallopro tease,  inhibitors  849,  864 
Metallopro  teases  625 
Metalloproteins,  synthetic  1052 
Metastasis  362,  583,  854,  857 
Methionine  reduction 

aminopeptidase  inhibitors  625 
N-Methyl  amino  acids  211,  356, 

622 

Methyleneamine-containing  peptides 
622 

MHC  molecules  709 
Michael  addition  74 
Microcystin  577 
Mimic,  hydrogen  bond  278 
Mimotope  1003 
Mini  antibodies  715 
Minibody  1030 
Mini-collagens  1043 
Mitsunobu  reaction  215 
Molecular  dynamics  simulations 
899,  902,  1105 

Molecular  imprinting  196,  221 
Molecular  mechanics  1 105 
Molecular  modelling  1 105 
amphipathic  a-helices  444 
ANF  459 
cyclic  peptides  880 
enkephalin  435 
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glycopep tides  344 
gramicidin  S  284 
GRP  601 

heat-shock  proteins  763 
kallikrein  inhibitors  886 
neurokinin  A  antagonist  487 
oxytocin  antagonists  275 
renin  inhibitors  634 
RGD  peptides  780 
secondary  structure  883 
SP-C  proteins  338 
P-tum  models  290,  883 
Molecular  recognition  221,271 
Molecular  topology  293 
Molten  helix  896 
Monitoring  of  coupling  207 
Monoclonal  antibody  721 
Monte  Carlo  simulations  622,  899, 
1105 

Motilin  681 
MSH 

see  Melanocyte-stimulating 
hormone 

Mucosal  barriers  849 
Multipin  synthesis  1021 
Multiple  antigen  peptide  104, 727, 
750 

lipophilic  MAPS  727 
Multiple  peptide  synthesis  85,  88, 
91,  725,  1021 
Muramyl  dipeptides  341 
Mycobacterium  tuberculosis  763 
Myosin  961 

N-benzylglycine  427 
jV-carboxyanhydride  51,56 
N-(hexyl)-succinimides  353 
N-methyl  amino  acids  211,  356 
Nerve  growth  factor  230 
Neu  protein  757 
Neurohypophysial  hormone  275, 
438,  571 

Neurokinin  A  (NKA) 
antagonists  487 
Neuromedin  B  4% 


Neuropeptides  490,  4%,  526,  544, 
559,  692 

Neuropeptide  Y  71,247,499,508, 
535,  553,  998 
antagonist  535 
cyclic  analogs  508,  553 
D- ami  no  acid  analogs  247 
shortened  analogs  508 
Neurophysin  peptides  808 
Neurotensin  56 
Neutralizing  epitopes  712 
Neutrophils  412,  461 
Nitric  oxide  475 
NKA  analogs  487 
NMR 

see  Nuclear  magnetic  resonance 
Nodularin  577 

Non-Boltzmann  sampling  1105 
Nonpeptide  libraries  1007 
Nuclear  magnetic  resonance  (NMR) 
1093,  1096,  1099,  1 105 
amino  acids  170 
amphipathic  peptide  370,  373, 
774 

anti-HIV- 1  peptides  888 
bradykinin  receptor  antagonists 
7% 

13C  444 

calcium-binding  peptides  921 
caldesmon  963 
CCK  493 

cecropin  A-melittin  373 
cecropin-melittin 
hybrid  peptides  373 
desmopressin  914 
DNA  binding  peptides  823 
factor  LX  788 

fibronectin-like  sequence  815 
gastrin  493 
glycopeptides  332 
gramicidin  S  284 
GRF  802 

a-helical  peptides  287 

HTV- 1  nucleocapsid  protein  930 

magainin  772 
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multi-dimensional  802 
neuromedin  B  receptor  antagonists 
4% 

opioid  peptides  1 105 
peptide  10%,  1099 
phosphorus  823 
platelet  aggregating  inhibitory 
peptides  780 
pro-ocytocin  808 
proline  isomers  748 
proline  peptides  748 
proton  chemical  shifts  91 1 
REDOR  760,772 
solid-state  760,  772,  1 105 
somatostatin  analogs  21 1 
structure  748 
transferred  NOE  1099 
P-tums  748 
twisted  amides  211 
Nuclear  targeting  peptides  1033 

O.N-acyl  transfer  218 
Octopeptides  1033 
Oligonucleotide-peptide  hybrids  184 
Oligosaccharide  binding  peptides 
742 

Oncogene  757 
Opioid 

agonists  669 
peptide  precursors  238 
peptides  104,  483,  490,  51.3, 
701,  905,  984 

receptor  483,657,905,971 
-^-selective  opioid  peptide 
analogs  483,  514,  701,  905 
receptor  ligand  3, 669,  905 
Optical  purity  of  peptides  241 
Oral  absorption  849 
Oral  bioavailability  827 
Organic  templates  1% 
Orthogonality,  SPPS  93,  113,  727, 
1001 

Oxazolidines  37 
Ox  azoline  formation  356 
Oxime  bond  formation  1067 


Oxytocin  77,  1 19,  438,  571,  808 
agonists  3 
antagonist  3,  275 
orally  active  275 
precursor  77,  808 

P05  520 

P-type  calcium  channel  blocker  3 1 , 
395 

Parathymosin  a  244 
Pathophysiology,  kiniii  349 
PCOR  method  435 
Penicillamine  3,  384 
Pentraxins  412 
PEPSCAN  725 
Peptide 

o>-agatoxin  31,  395 
affinity  chromatography  153 
Aib-containing  124,130,211, 
793 

aldehydes  589 

amides,  Fmoc  synthesis  85,  149 
aminoalkylamides  143 
amphipathic  373,  444,  769,  774 
amylin  538 

amyloid  34,412,502,511,517 
amyloid  B  protein  502,  511,517 
angiotensin  68,  2%,  640,  690, 
698,  846,  908,  978, 
antigen  113,748 
apolipoprotein  C-I  peptide  408 
arginine  containing  107,  121 
atrial  natriuretic  factor  459 
aureobasidin  A  356 
bactenecins  461 
bestatin  analogs  625 
betabellin  1027 
bicyclic  cysteinyl  peptides  782 
bile  acid  conjugates  827 
bombesin  56,  446,  505,  532, 
601 

bombolitin  related  peptides  8 1 0 
bradykinin  349,  353,  381,  392, 
420,  427,  449,  547,  550,  687, 
796,  978 
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bradykinin  receptor  433 
branched  113,  508,  852,  1033 
buserelin  410 
calcium-binding  921 
y-carboxyglutamic  acid  containing 
932 

conjugation  837 
p-casomorphin  523 
cecropin  373,  406,  470 
chemotactic  protein  10  (CP10) 

359 

cholecystokinins  3,  56,  59,  493, 
669 

cionin  178 
cleavage  reactions  211 
conantokin-G  526 
conotoxin  93,  526 
CRF  71,  130,  544 
culekinin  peptides  704 
cyclization  44,  95,  97,  101,  356, 
992 

cystathionine  1 19 
cytokines  654 
delivery  327,830,837,849 
deltorphin  483,  514,  701 
design  3 
desmopressin  914 
diagnostics  852,  854,  867,  869 
dimerization  101,  757 
-DNA  interaction  823, 943 
dolastatin  3 
dynorphin  3,  657 
eclosion  hormone  265,  559 
EGF  receptor-related  peptide  199 
endorphin  51 

endothelin  422,  598,  610,  637, 
660,  890,  981 

enkephalin  3,  68,  104,  127,  271, 
290,  414,  435,  483,  490,  514, 
523,  532,  658,  830 
expression  738 
F,  peptides  719 
a-factor  430 
fatty  acid  conjugates  327 
folding  745 


gastrin  56,  493 
gastrin  releasing  peptide  601 
geodiamolide  A  215 
GIF  65 

glucagon  3,  467,  532 
glutathione  934,  1009 
glycopeptides  321,  329,  332, 
335,  344,  672 

GnRH  95,403,410,684,766 
gramicidin  S  284 
GRF  46,54,71,85,378,390, 
417,  541,  684,  802,  859 
guanylin  663 
hematopoietic  367 
heptamer  repeats  441 
hirudin  592,  649 
hirutonin  peptides  604 
histone  202 
history  20 
hormones  532 
human  gelsonin  fragment  872 
hybrids  857 
hydrins  834 
hydrazides  151 
hydroxamates  864 
immobilization  936 
immunopeptides  721 
inhibitors  408,  734,  946 
insulin  574 
interleukins  654,  709 
intestinal  permeability  827 
ion-channel  peptides  790 
kaliotoxin  529 
kallidin  946 
KDEL  signal  peptide  184 
ketopeptides  589 
ky nostatin  619 
laminin-like  peptides  806 
large-scale  synthesis  68, 252, 
502 

leiurotoxin  I  520 
LHRH  77,362,400,452,562, 
565 

lipid  interactions  444, 473,  772, 
1041 
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lipopeptides  324 
lytic  peptides  1041 
magainins  473,772,820 
mapping  254 
a-mating  factor  175 
marine  origin  215 
melanotropins  3,  398 
melittin  373,  406,  470 
membrane  interactions  757 
metal  binding  peptides  852,  921 
microcystin  577 
mimetics 

see  Peptidomimetic 
modelling  1 105 
molitin  681 
MSH  3,71 
muramyl  dipeptides  341 
neuromedin  B  4% 
neurophysin  peptides  808 
neurotensin  56 
NKA  487 

NPY  71,247,499,508,535, 
553,  998 

octopeptides  1033 
oligomers  104 
oligosaccharide  binding  742 
opioid  104,  238,  483,  490,  523, 
701,  905,  984 
oral  bioavailability  827 
ornithine  containing  107 
oxytocin  3,  77,  1 19,  438,  571, 
808 

parathymosin  a  fragments  244 
parathyroid  hormone  556 
pertussin  toxin  742 
PGL  peptides  441,  820 
polyphemusin  455 
poly-tricosa  peptides  940 
porcine  growth  hormone  1050 
processing  808 
prodrugs  837 

pro-inflammatory  protein  359 
prothymosin  a  365 
ranaiexin  424 
receptors  571 


RGD  peptides  97,313,384, 
475,  721,  780 
RNA  interactions  778 
russtoxins  464 
secondary  structure 
see  Secondary  structure 
sequencing  224,  257,  259,  338, 
1085 

SH2  peptides  631 ,  927 
somatostatin  3,  1 16,  21 1,  410 
496,  692 
stability  3 
STF  175 
structure  808 
substance  P  293,  304,  532 
substrates  938 
surfactant  peptide  338 
synthesis  20 
tachyplesin  455 
tandem  repeats  721 
taurine  peptide  562 
thrombin  inhibitors  592,  604, 
616,  643,  646,  649 
thrombin  receptor  agonists  387 
695 

T1PP  opioid  peptides  483 
transport  849,  1033 
transport  genes  840 
TRH  175,830 
vaccines  712,  721,  725,  727, 
732,  736,  748,  750,  753,  924 
vasopressin  3,77,275,438,571 
venoms  444 

Peptide-carbohydrate  interactions 
672 

Peptide  libraries  971,975,978, 

981,  984,  986,  989,  992,  995, 
998,  1001,  1003,  1005,  1007, 
1009,  1012,  1016,  1018,  1021 
Peptide-membrane  interactions  675 
Peptide-oligonucleotide  hybrids  184 
Peptide  receptor  571 
Peptide  sequences  224 
Peptide  synthesizer  68,  88,  91 
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Peptidomimetic  3,  170,  271,  275, 
278,  281,  287,  301,  634,  725 
non-peptidic  271,275,296 
Peptomers  924 

Peripheral  blood  monocytes  422 
Pertussis  toxin  peptides  742 
Pertussis  toxin  receptor  652 
PGL  peptides  441,  820 
Phenylaminophenylacetic  acid  296 
Phosphatase  948 
Phospholipase  948 
Phospholipids  837 
Phosphonium  salts  113,124 
Phosphopeptide  187,  199,  202, 

376,  631,  799,  948,  958 
Phosphorylated  saccharides  332 
Phosphorylated  tyrosine  analogs 
376,  631,  948,  958 
Phosphorylation  199,  202,  376,  938 
Photoaffinity  labeling  574,  666, 
698,  704,  958 

Photochemistry  1 1 0,  95 1 ,  958 
Photoreactive  insulin  574 
Pierce  Award  Lecture  1 
"Pilot"  975 

Pipecolic  acid  derivatives  164 
pKa  shifts  940 
Plasmid  vectors  738 
Platelet  aggregation  313,  384,  387, 
780 

-inhibitors  313,  384,  387,  586, 
780 

Poisson-Boltzmann  equation  877 
Polycyclic  peptides  1036 
Polydepsipeptides  215 
Polyethylene  glycol)  peptide  hybrids 
857 

Polyethylene  surfaces  975 
Polymyxin  424 
Polyphemusin  455 
Polypropionates  215 
Polystyrene-grafted  polyoxyethylene 
51 

Poly-tricosapeptides  940 


Porcine  growth  hormone  (pGH) 

1050 

Post-translational  modification  230 
Potassium  channel  blockers, 
synthesis  395,  529 
Potassium  channels  520 
Potassium  channel  protein  790 

ppfSOc-src  376 

Prenylation  324 

Prepared  ve  chromatography  5 1 , 

232,  235 
Prodrugs  859 

Prohormone  con  vertases  (PC)  6 1 3 
Prohormone  processing  808 
Pro-inflammatory  protein  359 
Proline-containing  peptides  610, 

748 

analogs  164,  307,  687 
modelling/NMR  748 
Promiscuous  T-cell  epitopes  712, 
732,  753 

Pro  teases/pro  teinases 
HIV-1  595 
inhibirion  613,  837 
Protected  fragments  40,  46,  49,  141, 
149,  151,  156 
Protection  techniques 
allyl  chemistry  113 
amino-  727 
arginine  side-chain  121 
glutamic  acid  940 
glycopeptides  321 
photoprotection  1 10 
solubilizing  37 
Protein 

amino-acylation  254 
characterization  of  tertiary  structure 
254 

design  310,  1027,  1030,  1054, 
1057,  1060,  1063,  1065,  1067 
engineering  1027,  1030,  1036, 
1057,  1060,  1063,  1065,  1067 
folding  1030,  1057,  1060,  1069 
kinases  556, 938 
mimetics  310 
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modifications  254 
neu  protein  757 
-peptide  interactions  936 
phosphatases  577 
phosphorylation  577 
-protein  interaction 
selective  chemical  modification 
254 

sequencing  224 
stability  1050,  1057,  1069 
Protein  C  932 

Proteolytic  processing  808,  859 
Prothymosin  a  365 
Pseudomonas  aeruginosa  672,  738, 
748 

Pseudomonas  pili  672,  738,  748 
Pseudo-peptide 
chemistry  301 
culekinin  704 
enkephalin  414 
NPY  553 
PS-PEG  156 
PyBOP  113,124 
PyBroP  124,356 

Quantitative  structure-activity 

relationships  (QSAR)  1 105 
QSAR 

see  Quantitative  structure-activity 
relationships 
Quinoline  yellow  207 

Rabbit  renal  artery  459 
Racemization  62 
Radioimmunoconjugates  852 
Radiolabelling  975 
Ramachandran  space 
design  3 

Ramachandran  plots  922 
Raria  catesbeiana  424 
Ranalexin  424 
Rat  diuresis  459 
Receptor 

affinity  640 

affinity  labeling  666,  698 


antagonists  353 
binding  assay  998 
-bound  conformation  905 
bradykinin  353,  678 
insulin  574 

mannose  6-phosphate  332 
opioid  701,905 
thrombin  695 
vasotocin  692 

Receptor  bound  conformation  760 
Redox  potentials  954 
Renin  inhibitors  93,281,299,634, 
827 

Resonance  Raman  spectroscopy  804 
Reverse  turn  1093 
Re  versed-phase  chromatography  1081 
Q>-agatoxin  31,  395 
amphipathic  peptides  247,  769 
angiotensin  68 
arginine  peptides  107 
CoA  transferase  fragments  257 
coiled-coil  1058 
conotoxin  93 
cysteinyl  peptides  159 
cystine  peptides  1085 
y-endorphin  51 
enkephalin  68 
GRH  85 
histone  HI  228 
human  gelsonin  fragment  872 
LHRH  77 
model  antibodies  745 
muramyl  dipeptides  341 
neuropeptide  Y  analogs  499 
parathymosin  a  fragments  244 
peptide  antigens  750 
proteinase  inhibitor  613 
russtoxins  465 

RGD  peptides  97,313,384,475, 
721,  780 

Ribonuclease  A  active  site  254 
Ribonucleotide  reductase 
inhibitors  580 
RNA-peptide  interactions  778 
Russtoxin  464 
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S.  cerevisiae  430 
Safety-catch  principle  146 
SAR 

see  Structure-activity  relationships 
Screening  high  speed  peptide  40 
SDS-PAGE  698,  704,  740,  759, 
958 

Secondary  structure 

chaotropic  solvents  in  SPPS  77 
disruption  in  synthesis  40 
a-helix  196,  287,  883 
amphipathic  373,  444,  769,  774 
ion-channel  peptides  790 
magainin  820 

mimetics  271,  278,  284,  287, 
290,  725 
modelling  883 

peptide  RPC  retention  behaviour 
247 

prevention  of  40 
P-tums  27 1 ,  284,  290,  3 1 5,  748, 
883 

Segment  condensation  46,  54,  149, 
218,  1075 
Selectins  742 
Selectivity,  peptide  design  3 
Semisynthesis  54,  80 
Sequencing  instrumentation  224 
Sequential  peptides  812 
Serine  proteases  946 
Serine  proteinases,  inhibitors  613 
Serology  862 

Serum  thymic  factor  (STF)  175 
Sex  determination  141,943 
P-Sheet  455,  595,  883,  1027 
P-Sheet/p-tum  structure  883,  1027 
SH2  domains  948 
SH2  peptides  631,927,958 
Shifty  peptides  293 
Side-reaction  3 1 
Signal  transduction  577,  757 
Silicon-based  linkage  agent  138 
Silylamide  linker  (SAL)  138 
Site-directed  mutagenesis  1050 
Size-exclusion  HPLC  1081 


laminin  peptides  806 
interleukin-2  receptor  1038 
Skatolicidin  107 
Smooth  muscle  contraction  681 
Snorkel  hypothesis  444 
Solid-phase  peptide  synthesis  (SPPS) 
1088 

see  also  Synthesis  and  Solution 
peptide  synthesis 
co-agatoxin  395 
allyl  chemistry  93,113,143, 
146 

amyloid  protein  34,  502,  511, 
517 

anchoring  linkages  146 
anchoring  primary  amino  group 
143 

angiotensin  68 
antibodies  745 
anti-freeze  protein  49 
betabellin  1027 
bombesin  56 

bradykinin  349,353,547,687 
branched  peptides  113,508 
carba-modification  1 19 
P-casomorphin  523 
CCK  59.  178 
cecropins  406 

chemotactic  protein  10  (CP10) 

359 

cholecystokinin  56,  59 
cionin  178 
cleavage  153 
conantokin  G  526 
conotoxin  93 
continuous  flow  727 
coupling  reagents  124 
CRF  71,  130 
cyclic  disulfide  analogs  1 5 1 
cyclization  101 
cysteinyl  peptides  62 
cysteinyl  protecting  groups  1 16 
eclosion  hormone  265,  559 
EGF  83,  199,  446 
elevated  temperature  1081 


1155 


Subject  Index 


y-endorphin  51 
endothiopep  tides  175 
enkephalin  68 
evaluation  1088 
a-factor  430 

fragment  condensation  1 4 1 ,  502 
gastrin  56,  146 
GIF  65 

glutamic  acid  side-chain  protection 
940 

glycopeptides  321 
GnRH  95,403,684 
GRF  46,85 
handles  1078 
3-helix  bundle  protein  196 
hematopoietic  peptides  367 
high  temperature  71 
histone  peptides  202 
HIV-1  protease  156,  204 
hydrazone  link  278 
large  scale  68,  252,  502 
leiurotoxin  I  520 
LHRH  antagonists  562,  565 
long  peptides  745,  943 
MAPS  727 
a-mating  factor  175 
metallothionein  65 
monitoring  coupling  207 
multiple  on  single  support  88 
muramyl  dipeptides  341 
N- to  C-direction  127 
neuropeptide  Y  71 
neurotensin  56 
oxytocin  1 19 
PEPS  polystyrene-grafted 
polyethylene  film  872 
peptide  amides  146 
using  Fmoc  SPPS  85 
phosphopeptides  187,  199 
photoprotection  1 10 
polystyrene-grafted  polyethylene 
film  (PEPS)  872 
poly-tricosa  peptides  940 
potassium  channel  blockers 
protected  peptide  amides  149 


protected  peptide  fragments  1 5 1 
protecting  groups  146 
prothymosin  a  365 
secondary  structure  mime  tics  278 
side  reactions,  dimerization  116, 
159 

somatostatin  116 
substance  P  149,  293 
supports  156,  1078 
total  synthesis  1081 
triple-helical  peptides  362,  806, 
1043 

tyrosine-sulfate  containing 
peptides  178 

use  of  chaotropic  solvents  77 
Solid-state  NMR  760 
Solution  peptide  synthesis 

see  also  Synthesis  and  Solid  phase 
peptide  synthesis 
0>-agatoxin  31 
amyloid  protein  34 
bombesin  56 
P-casomorphin  523 
cholecystokinin  56 
cysteinyl  peptides  62 
enkephalin  analogs  104 
gastrin  56 
glycopeptides  321 
neurotensin  56 
Solvation  energy  890 
Solvation  models  877 
Solvent  simulations  902 
Somatostatin  3 

analogs  1 16,  410,  496 
cyclic  analogs  211 
receptors  692 
SPPS 

see  Solid  phase  peptide  synthesis 
SRY,  sex-determining  region  on  the 
chromosome  Y  141,  943 
Statin  analogs  193 
Stereoselective  synthesis  167,181 
Stereospecificity  221 
STF 

see  Serum  thymic  factor 
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P-Strand  666 
Streptavidin  975 

Streptavidin-peptide  interaction  1005 
Stromelysin  583 

Structure  activity  relationships  (SAR) 
ANF  amylin  459,  538 
angiotensin  II  296,  640,  690 
apolipoprotein  408 
A  VP  275 
blood  clotting  867 
bombesin  505,  532,  601 
bradykinin  420,547,678,687 
bradykinin  antagonists  353,  392, 
449 

p-casomorphin  523 
CCK  178,  493,  669 
cionin  178 

cyclic  RGD  peptides  384,  780 
dDAVP  438 
deltorphin  483,514,701 
dynorphin  657 
EGF-related  peptides  446 
endothelin  422,  598,  610 
antagonists  637 
enkephalin  290,  435,  483,  514, 
523 

epidermal  growth  factor  948 
a-factor  430 
factor  XIII  867 
famesyl  transferase  622 
Fibrinogen  receptor  335, 586 
gastrin  493 
gelatinase  583 
glucagon  532 
glutathione  1009 
glycosylated  peptides  335, 672 
GnRH  410,684,766 
GnRH  antagonists  403 
GRF  378,390,541,802,859 
GRP  antagonists  417,  601 
GRP  receptor  601 
guanylin  663 
hematopoietic  pept  des  367 
HIV  protease  595, 619,  837 


HIV- 1  nucleocapsid  protein  777, 
930 

HTV-1  peptide  736 
hydrins  834 

hypertrehalosemk  hormone 
receptor  666 
interleukin-4  709 
interleukin-8  654 
kaliotoxin  529 
LHRH  400,562,565 
LHRH  antagonists  452 
magainins  473 
MAPS  727 

melanotropin  analogs  398 
metallopro tease  inhibitors  864 
MHC  molecules  709 
motilin  681 

neurokinin  A  antagonist  487 
neuromedin  B  4% 
neuropeptide  Y  (NPY)  499,  508, 
535 

opioid  peptides  104, 483,  523, 
701,  905 

oxytocin  438,  571 
oxytocin  antagonists  275 
P05  520 

parathyroid  hormone  556 
platelet  aggregation  inhibitory 
peptides  313,  384,  586,  695, 
780 

polyphemusin  455 
protease  inhibitors  193 
PTH  556 
ranalexin  424 

renin  inhibitors  193,  281,  299, 
634,  827 

RGD  analogs  313,384,475, 
721,  780 

ribonucleotide  reductase  580 
SIC  peptides  631,927 
somatostatin  410,  4%,  692 
substance  P  304,  532 
tachykinins  487 
thrombin  inhibitors  592,  604, 
616,  643,  646 
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thrombin  receptor  387, 616,  695 
thrombin  receptor  agonists  387, 
695 

TIPP  opioid  peptides  483 
vasotocin  438,  692,  834 
vasopressin  438 
VIP  571,843 
Structure  determination 

see  Conformational  analysis, 
Circular  dichroism,  Nuclear 
magnetic  resonance 
Sub-libraries  986 
Substance  P  (SP)  293,  304,  532 
endopepridase  304 
topochemical  modification  293 
Suicide  substrates  646 
Sulfation  of  tyrosine  178 
Superagonist  3 

Surface  plasmon  resonance  (SPR) 

936 

Surface  topology  254 
Surfactant  peptide  338 
Surfactants  40 
Syncytial  virus  719 
Synthase  760 
Synthesis 

see  also  Solution  peptide  synthesis 
and  Solid  phase  peptide 
synthesis 

anti-freeze  protein  49 
arginine  side-chain  protection 
121 

azapeptides  299 
bicyclic  cysteinyl  peptides  782 
carba-peptide  isostercs  74 
chemotactic  protein  10  (CP10) 

359 

cholecystokinin  3,  56,  59 
conformation  prevention  40 
convergent  31,  46,  65,  151 
CRF  71 

cyclic  peptides  95 
cysteinyl  peptides  62 
disulfide  bridge  formation  83 
enzymatic  46,  54,  77 


enzymatic  coupling  1075 
enzymatic  deprotection  1 16 
film  support  872 
geodiamolide  A  215 
GIF  65 

glycopeptides  321,332 
GRF  46 

high  temperature  71 
history  20 

hydrophilic  support  872 
insertion  reactions  133 
membrane-based  136 
neuropeptide  Y  71 
oligonucleotide-peptide  hybrid 
184 

oxazolidines  37 
peptide  amides  using  Fmoc  SPPS 
85,  138 

peptide  aminoalkylamides  143 
peptides  of  marine  origin  215 
photoprotection  110 
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